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This thesis deals with studies of thin films using soft x-ray emission spectroscopy.
Thin films are frequently used in optical, semiconductor and magnetic applications,
and along with the development of thin film deposition techniques, there is a growing
need for thin film characterisation and production control. Soft x-ray spectroscopy
provides elemental as well as chemical bonding information and has the advantage of
being relatively insensitive to electric and magnetic fields. It may thus be used in-situ
during deposition for monitoring sputtering deposition.

Thin films of TiVN were reactively co-sputtered using two targets, and soft x-
ray spectroscopy and optical emission spectroscopy were used to determine the film
composition in-situ. These measurements were compared with ex-situ elemental
analysis as well as with computer simulations. The results agree qualitatively and
indicate that soft x-ray spectroscopy can be used for in-situ determination of film
composition. In another study, the composition of chromium nitride was studied in-
situ under varying deposition conditions. The fraction of different stoichiometric
phases in the deposited films as a function of nitrogen flow was determined in-situ.

The thesis also deals with the angular dependence of soft x-ray emission
spectroscopy. The angular dependence of the emission was measured and compared
to simulations for layered samples consisting of different transition metals, one
sample consisting of Fe(50Å)/Cu(100Å)/V(100Å)/Si and another set of samples
consisting of Fe(XÅ)/V(100Å)/MgO, where X = 25, 50 and 100 Å. The measured
angular variation can be described qualitatively by calculations including refractive
effects. For measurements below the critical angle of reflection, only the top layer
corresponding to the evanescent wave region of 20–50 Å is probed, whereas for
larger grazing angles the probe depth reaches thousands of Å. This demonstrates the
feasibility of using the angular dependence as a way of studying composition and
layer thickness of thin films.
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"…
But soft! what light through yonder window
breaks?
It is the east, and Juliet is the sun
…"

Shakespeare
Romeo and Juliet, Act II. Scene II
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1 INTRODUCTION

Thin films are used in many applications and for different purposes, such as glass
coatings, optically selective coatings and in magnetic and semiconductor structures.
Single as well as multilayer thin films are important both for scientific and industrial
purposes.

There are a number of different techniques for producing thin films, with deposition
conditions varying from ultra-high vacuum to atmospheric pressures. Along with the
development of different deposition techniques there is an increasing demand for
production control and characterisation of materials, both in-situ and ex-situ. There are a
number of different techniques for analysing thin films to obtain structural and chemical
information. Standard methods for analysing thin films, such as Auger electron
spectroscopy and x-ray photoelectron spectroscopy, require ultra-high vacuum conditions
and can be difficult to use in-situ in a deposition environment. The electron
spectroscopies are also sensitive to the high fields and charged particles associated with a
deposition process such as sputtering and therefore cannot be used in-situ during
deposition. Soft x-ray emission spectroscopy is another spectroscopic technique with
increasing usage both in fundamental and more applied research. It has the inherent
advantage of probing photons, which are not as sensitive to the environment as charged
particles.

Process control is crucial in high-rate deposition of many compound materials in order to
control the composition. Another important issue is computer modelling of the sputtering
process, which can be used to predict the behaviour of the reactive sputtering process. In
this thesis the soft x-ray technique is used for analysing the growing thin film in-situ and
for comparison with modelling results. Soft x-ray spectroscopy probes photons from
electronic transitions involving the valence band, and since the valence band is
influenced by the neighbouring atoms this gives chemical sensitivity. This means that the
emission from, for instance, a metal and a metal-oxide are different, something which is
very valuable when studying thin films. In this thesis, the chemical sensitivity is used for
instance in a study of reactively sputtered CrN, a material with different stoichiometric
phases that can be distinguished in soft x-ray emission.

When analysing thin films it is in many cases important to have control over the probe
depth of the analysis method. In soft x-ray emission spectroscopy this can be achieved by
varying the excitation parameters, such as the angle or energy of the electrons in case of
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electron excitation. Another way is to change the angle of detection. When detecting the
emitted photons in a small grazing angle from the sample, almost parallel to the sample
surface, only emission from a very thin surface layer of about one nanometer is detected.
On the other hand, when detecting the radiation at larger grazing angles, or almost
perpendicular to the sample surface, the technique becomes bulk sensitive, with emission
detected from a depth of about one-hundred nanometers or more. This means that the soft
x-ray emission spectroscopy technique has a potential for depth profiling.

Historical notes

The technique used in this study, soft x-ray spectroscopy, saw its light in 1895 when
Wilhelm Conrad Röntgen, then a professor in Würzburg, discovered the mysterious
x-rays.1  Almost immediately x-rays were used in medical imaging due to their
penetrating nature. In 1905 Barkla demonstrated the polarisability of x-rays, implying
their transverse wave nature, and later also discovered the different K and L series of the
radiation through absorption measurements. The big step towards x-ray spectroscopy
came with the discovery by von Laue in 1912 and by Bragg, father and son, in 1913, that
x-rays could be diffracted in crystals. Bragg diffraction could be used to select the
wavelength of x-rays and, taking advantage of this, Moseley found that the characteristic
lines in the x-ray spectrum varied systematically with the atomic number of the element.
The systematic study of x-ray emission and absorption spectra was continued and refined
by Manne Siegbahn and co-workers in Lund and later in Uppsala—Manne Siegbahn
moved to Uppsala in 1922 where he continued the work on x-rays until about 1935. The
measurements were also extended to longer wavelengths, the soft x-ray region, by using
gratings instead of crystals to select the wavelength [3]. The systematic measurements of
Moseley and Siegbahn provided important experimental support for the development of
atomic theory by Bohr and Sommerfeld.

Soft x-ray spectroscopy was important also in the development of solid state physics. In
the 1930s O'Bryan and Skinner [4,5] reported soft x-ray emission spectra of metals such
as beryllium and aluminium, showing a relatively broad band with a sharp cut off
corresponding to the Fermi edge, supporting the theory of metals developed by
Sommerfeld. Later Skinner also made studies of the temperature dependence of the
broadening of the edge, supporting the Fermi-Dirac theory [6].

Summary outline

This thesis summary is outlined as follows: This introductory chapter is followed in
Chapter 2 by a general background to the theory of soft x-ray spectroscopy and of the
optical properties in the soft x-ray region. In Chapter 3 some experimental details of soft
x-ray spectroscopy are presented, as well as a description of the reactive sputtering
process. In Chapter 4,  results from studies of thin films deposited by reactive sputtering
are presented. In Chapter 5 an overview of different techniques using angular

                                                
1  For an historical introduction to x-rays see Refs. [1,2]
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dependence of emission is presented along with results on layered samples studied using
soft x-ray spectroscopy with varying exit angle. In Chapter 6, preliminary results from
measurements on anodised, porous aluminium films and on sputtered nickel oxide films
for electrochromic applications are presented. In Chapter 7, some concluding remarks are
presented.



2 THEORETICAL CONSIDERATIONS

This chapter gives an introduction to the spectroscopic methods used in this thesis. The
theoretical background to the soft x-ray emission and absorption processes are briefly
discussed in section 2.1. A more thorough background to the optical properties and ways
of measuring optical constants in the soft x-ray region is given in sections 2.2 and 2.3.

2.1 Soft x-ray emission and absorption spectroscopy

The transition probability for an emission process is given by quantum mechanical
perturbation theory and the result is often referred to as Fermi's Golden rule [7]. For
(spontaneous) emission the transition probability within the dipole approximation can be
written

    Wfi (ω ) ∝ (hω )3 f er i
2
ρ f (Ei − hω) (2.1)

where er is the dipole operator. The initial state, i, corresponds to a core hole (core
ionised or core-excited) state, and the final state, f, in a one-electron approximation
corresponds to a hole in the valence band. ρf, thus corresponds to the occupied density of

states in the valence band.2 The one-electron approximation means we see the transition
as involving only one electron, the electron which performs the transition from a valence
level to the empty core-level. This approximation neglects the interaction between the
core-hole and the valence electrons and the dynamic interaction (correlation) between the
valence electrons as well as satellites due to multiple excitations [8]. This approximation,
however, works well in the study of the band structure of solids [9].

From Eq. (2.1) we thus see that the transition probability is proportional to the occupied
density of valence states if we neglect the ω3 dependence. However, the dipole matrix
element also gives us symmetry selectivity through the dipole selection rule, ∆l = ±1.
Since the core-hole has a specific orbital symmetry, this means an initial core hole of s-
symmetry will probe the p-density of states and an initial core-hole of p-symmetry will
probe the s-, and d-density of states.

                                                
2  Valence electrons here refers to the outermost occupied electron orbitals and we do not distinguish
between conduction electrons in a metal or valence electrons in an insulator or semi-conductor.
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If the valence orbitals are expanded into atomic-orbitals, or spherical harmonics, with
specific orbital quantum number, l,

ψ v = csϕs + cpϕp + cdϕd + ... 

the dipole selection rule will probe the fraction of p-density of states, cp, for an s-core
hole state and the cs and cd fractions for a p core-hole state. This is usually referred to as

the probing of partial density of states. This approach is well known for molecules,
known as LCAO (linear combination of atomic orbitals) [10] but works also for solids
with quasi-free valence electrons, since a plane wave can be expanded in spherical
harmonics [7].This approach was already used in the early days [11] for explaining solid-
state band spectra.

The symmetry selection of the dipole transitions together with the localised nature of the
core-hole means that the soft x-ray emission process probes the occupied local partial
density of states, occupied LPDOS.

In x-ray absorption the transition probability is given by a similar expression as for
emission Eq. (2.1), only the initial state corresponds to the ground state and the final state
corresponds to a vacancy in a core level and an electron added in an unoccupied valence
state. ρf in Eq. (2.1) then corresponds to the unoccupied density of states and XAS thus

probes the unoccupied LPDOS. If the incoming photon energy is large enough the core-
electron can be ejected as a free electron (promoted to the continuum). This corresponds
to x-ray photoemission.

2.2 Scattering and dispersion theory

2.2.1 Scattering cross sections

Scattering by an electron—scattering cross section

In scattering of light one assumes that the incoming light is a monochromatic,
electromagnetic plane wave, with a specific phase dependence:

  E(r ,t) = E0εei (k⋅r−ωt ) ,

where k is the wave vector of the incoming plane wave and ε is the polarisation vector.
An electron can be accelerated by this incoming electric field and reradiate in a spherical
electromagnetic wave. This process is thus generally referred to as scattering.

Consider a monochromatic linearly polarised electromagnetic plane wave incident on an
electron. From classical electromagnetism it can then be shown [12,13] that the scalar
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electric field scattered by a free electron in a non-relativistic case is emitted in a dipolar
manner and can be written as

′ E (r,t) = −
reEi

r
(ε ⋅ ′ ε )ei( ′ k r−ω t ) (2.2)

where Ei is the incident electric field, ε and ε' are the polarisation vectors of the incoming

and scattered radiation respectively, and re =
e2

4πε0mc2  is the classical electron radius3..

Figure 2.1. Illustration of the scattering process.

The scattering process is illustrated in Fig. 2.1. The polarisation dependence is given by
the factor ε ⋅ ′ ε  in Eq. (2.2). If we consider the polarisation component in the scattering
plane (xz-plane), there is a cosϕ dependence in the scattered field. For the polarisation

component perpendicular to the scattering plane, i. e. in the y-direction, the polarisation
factor equals unity. Thus for unpolarised incoming radiation and if the polarisation of the
scattered radiation is not measured we get an average contribution of   

1
2 (1+ cos2 ϕ)  from

the polarisation dependence to the scattered intensity .

The scattering cross section, σ, is defined as the ratio between scattered power and the

incoming power per unit area (intensity), σ = Psc
Ii

, and is a measure of the scattering

efficiency of the incoming and scattered radiation is proportional to the absolute squared

field amplitudes, so that
  
σ ∝ ′ E 

2

E 2 . The differential cross section, 
dσ
dΩ

(θ ,φ ), is the fraction

of radiation intensity scattered into the solid angle dΩ(θ , φ) .

                                                
3 The classical electron radius is defined in the following way: The electrostatic energy of a sphere with
radius R and charge e equal the rest mass of the electron, mc2 when R = re.
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The differential scattering cross section for elastic scattering by a free electron, or
Thomson scattering, is then essentially given by squaring Eq. (2.2) and normalising with

the incoming intensity [12]

  

dσ
dΩ

= re
2 ε ⋅ ′ ε 2 = re

2 1
2 (1+ cos2 ϕ) , (2.3)

where the last step is valid for the case of unpolarised incident radiation.

The total scattering cross section for a free electron, the Thomson cross section, is given
by integrating the differential scattering cross section, Eq. (2.3), over all solid angles

σ =
8π
3

re
2 . (2.4)

It can be noted that the scattering Thomson cross section for a free electron, Eq. (2.4), is
independent of wavelength.4

Scattering from an atom—a collection of electrons

For an atom which is a collection of electrons bound to the nucleus with different binding
energies, the elastic scattering becomes more complicated than for free electrons. In a
simple classical model, an electron in an atom can be seen as a harmonic oscillator with a
resonance frequency ωs corresponding to a certain binding energy. We also introduce a
damping factor γ to account for dissipative losses such as radiation damping and other
non-radiative processes. The scattered electric field then has a specific frequency
dependence, dispersion, and can be written [13]

  
′ E (r,t) = −

reEi(ε ⋅ ′ ε )
r

ω 2

ω 2 − ωs
2 + iγω

ei( ′ k r−ω t ) . (2.5)

The corresponding scattering cross section for a bound electron with resonant
frequency ω s is then

σ(ω) =
8π
3

re
2 ω4

(ω 2 − ωs
2 )2 + (γω)2 (2.6)

From the expression for the scattering factor for a bound electron, Eq. (2.6), we see that
for low frequencies, ω <<ωs , the scattering can be approximated as

σ(ω) =
8π
3

re
2 ω

ωs

 
 
  

 
 

4

=
8π
3

re
2 λs

λ
 
 

 
 

4

(2.7)

                                                
4 There are limitations for higher energies where the photon momentum is high enough to cause recoil of
the electron, resulting in inelastic, Compton, scattering.
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which is the frequency dependence of Rayleigh scattering used by Lord Rayleigh to
explain the blue colour of the sky. Blue light with a wavelength of about 380 nm (3.3 eV)
is scattered about 16 times as much in the atmosphere as red light with a wavelength of
about 760 nm (1.6 eV). This explains both the blue appearance of the sky and the red
colour of the setting sun. The latter is an effect of blue light being preferentially scattered
away during the propagation of the sunlight through the atmosphere. In the limit of high
frequencies, ω >>ωs , we see from Eq. (2.6) that the scattering cross section approaches

the Thomson scattering cross section and the bound electron scatters as if it were free.

If we consider elastic light scattering from an atom with more than one electron we
generally also have to take the phase difference between scattering from different
electrons into account. In this case the scattered electric field amplitude can be written

  
E(r,t) = −

reEi(ε ⋅ ′ ε )
r

ω 2e−iQ⋅∆rs

ω 2 − ωs
2 + iγωs=1

Z

∑
 

 
  

 
 ei ( ′ k r −ω t ) (2.8)

The term in the bracket of Eq. (2.8) is the atomic scattering factor, which is a complex
quantity defined as the ratio between the scattered electric field from an atom relative to
the scattered field from a free electron:

  
f (Q,ω ) =

ω 2e−iQ⋅∆rs

ω 2 − ωs
2 + iγωs=1

Z

∑ . (2.9)

where Q ≡ ′ k − k is the momentum transfer, i. e. the difference between the incoming
and scattered wave-vector and ∆rs  is the position of the electron labelled s, relative to a
reference position which is most conveniently chosen at the nucleus. The scattering
factor depends on the positions of the individual electrons through the phase factor
Q ⋅ ∆rs  which gives the scattering a certain angular dependence since

  
Q = 2k sin

ϕ
2 =

4π
λ

sin
ϕ
2 (2.10)

where ϕ is the scattering angle, i. e. the angle between the incoming wavevector k and
the scattered wavevector k', see Fig. 2.2.

Figure 2.2. Illustration of momentum transfer in the scattering process.
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If the wavelength, λ, is of the order of the size of the atom or less, the phase terms
become significant since k = 2π

λ , but for longer wavelengths some simplifications are

possible as will be seen below. In general f (Q,ω)  is a complex function and can be

written as

f (Q,ω) = f1 − if2 (2.11)

and the atomic scattering cross section can then be written

σat (ω ) =
8π
3

re
2 f

2 =
8π
3

re
2 f1

2 + f2
2( ) (2.12)

Looking closer at the phase term, Q ⋅ ∆rs , it can be estimated by

  
Q ⋅ ∆r ≤

4π
λ

sin
ϕ
2 ⋅ a (2.13)

where Q  is given from Eq. (2.10) and ∆rs ≤ a  where a is the dimension of the atom

which is of the order of the Bohr radius, a0 = 0.529 Å.

The case when   Q ⋅ ∆rs << 1, and is called the forward scattering, or coherent scattering

region. The scattering factor f (Q,ω)  then becomes independent on scattering angle

(momentum transfer) and can be written

f 0(ω ) =
ω 2

ω2 −ωs
2 + iγωs=1

Z

∑ (2.14)

where f 0(ω ) is called the forward scattering factor. From Eq. (2.13) we see that f 0(ω )
can be used if ϕ << 1 and/or   a λ <<1, that is for small scattering angles and/or

sufficiently long wavelengths (dipole approximation). For the soft x-ray and VUV region
where λ ranges from about 2 Å to 2000 Å, the forward scattering cross section can be
used in most cases. For the very special case of high enough frequencies so that the
dispersion in Eq. (2.14) can be neglected (ω <<ωs ), but still sufficiently long

wavelengths so that the forward scattering factor can be used, we see that f 0(ω ) → Z  and
the total scattering cross section can be written

σat (ω ) =
8π
3

re
2 f

2 →
8π
3

re
2 Z2 . (2.15)

The square dependence of the number of electrons means that the electrons scatter
coherently, i. e. the scattering from each of the electrons in the atom has a definite phase
relation with the other electrons so that amplitudes rather than intensities are added. This
explains the name coherent scattering.
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The limit for the forward scattering region is, according to Eq. (2.13) above,
approximately

4πa

λ
sin

ϕ
2 ≈ 1 (2.16)

so that for scattering angles less than

  
ϕc ≈ 2arcsin

λ
4πa

 
 

 
 (2.17)

the forward scattering approximation is valid. (For small angles Eq. (2.17) gives

  
ϕc ≈

λ
2πa

). In order to get a numeric estimation of this critical angle the Thomas-Fermi

approximation of the atomic radius can be used [7]; a ≈ 0.5Z −1 3 Å. From this we can
estimate the critical scattering angle as

    
ϕc ≈

Z1 3

hω(keV)
, (2.18)

using the small angle approximation. For angles much larger than those given by
Eq. (2.17), the electrons in the atom will scatter incoherently, so that intensities are added
rather than amplitudes, giving an atomic scattering cross section proportional to Z instead
of Z2. This means that for shorter wavelengths the elastic scattering is strongly peaked in
the forward direction for atoms with many electrons.

2.2.2 Dispersion and refractive index

Dispersion—classical treatment

As shown in section 2.2.1 above, the forward scattering factor can be used in most cases
in the soft x-ray region, and as we will see later, the forward scattering factor is directly
connected with the index of refraction in the x-ray region. In the following we will
therefore consider only the forward scattering factor and concentrate on the frequency
dispersion.

When discussing the dispersion it is customary to introduce the concept of oscillator
strengths, gs, which in a simple semi-classical model correspond to the number of
electrons with resonance frequency, ωs. The oscillator strengths in this simple model thus
trivially obey the sum rule gs

s
∑ = Z . The forward scattering factor, Eq. (2.14) can then

be written as

f 0(ω ) =
gsω

2

ω 2 − ωs
2 + iγωs

∑ (2.19)
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As an adaptation to a more realistic behaviour as described from spectroscopic
measurements, we have to introduce fractional oscillator strengths, gkn, having non-

integer values. As we shall see, these arise naturally as transition probabilities, or matrix
elements, between different atomic states in a quantum mechanical treatment. These
transition probabilities correspond to transitions between different atomic energy states,
or in a simple one-electron model we may say transition between different electronic
energy levels. The forward scattering then can be expressed as

f 0(ω ) =
gknω 2

ω 2 − ω kn
2 + iγωk≠n

∑ (2.20)

were ωkn corresponds to the energy difference between two atomic energy states;

  hω
kn

= E
n

− E
k
. These fractional oscillator strengths obey a sum rule known as the

Thomas-Reiche-Kuhn sum rule [14,15]:

gkn
n=1

∞

∑ = Z . (2.21)

In our case we have assumed that the initial state is the ground state, k = 0, but the sum
rule is valid also for excited initial states, k ≠ 0, allowing for the possibility of absorption.
Again, we see from Eq. (2.20) and Eq. (2.21), that,   f

0(ω ) → Z , when the frequency is
much higher than the resonance frequencies.

Dispersion-quantum mechanical description

For a quantum mechanical description, the scattering amplitude in a non-relativistic case
is given by the Kramers-Heisenberg formula, which was first derived from the
correspondence principle [16]. If we use modern quantum mechanics the derivation is
most easily carried out using perturbation theory, with the incoming radiation field as a
perturbation to the atomic system.

Consider the non-relativistic Hamiltonian for the unperturbed atomic electron:

H0 =
p2

2m
+ V (r). (2.22)

The electromagnetic field perturbation is introduced via the standard prescription [17]

p → p − qA = p + eA
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where A is the electromagnetic vector potential5. The total Hamiltonian for the charged
particle interacting with the electromagnetic field is then

H = H0 + Hint =
1

2m
(p + eA)2 + V(r) = (2.23)

1

2m
(p2 + ep ⋅ A + eA ⋅ p + e2A ⋅ A) + V(r)

and the interaction Hamiltonian can thus be identified with

Hint =
1

2m
(ep ⋅ A + eA ⋅ p + e2A ⋅ A) . (2.24)

If we use the Coulomb gauge, ∇⋅ A = 0, which allows only transverse waves, Eq. (2.24)
can be rewritten as6

Hint =
1

2m
(2eA ⋅p + e2A ⋅ A) . (2.25)

According to time-dependent perturbation theory for a harmonic perturbation, the
transition rate from the initial state, i , to the final state, f , is given by the so-called

Fermi golden rule [7,17]

  
Wf ←i =

2π
h

M f i
2
δ (E f − Ei − h( ′ ω −ω )) (2.26)

where Et and Ei are the energy values of the final and initial atomic states respectively, ω
is the frequency of the incoming photon and ω' the frequency of the outgoing, scattered
photon. In the transition amplitude matrix element, Mfi , contributions from first and

second order perturbations are treated, M fi = M fi
1 + M fi

2 + ... . In first order perturbation

only the A·A term in the interaction Hamiltonian, Eq. (2.25),  contributes and the first
order transition amplitude can be written

M fi
(1) =

e2

2m
f A ⋅ A i (2.27)

In second order perturbation the p·A term contributes, giving

  
M fi

(2) = −
e2

m2
f A ⋅ p n n A ⋅ p i

En − Ei + hωn
∑ +

f A ⋅p n n A ⋅ p i

En − Ei + h ′ ω 
(2.28)

                                                
5 The electric and magnetic fields are related to A by E = −∇φ −

∂A
∂t

; B = ∇ ×A
6 If ∇⋅ A = 0 , then ∇⋅ Aψ = (∇ ⋅A)ψ + (A ⋅∇ )ψ = (A ⋅ ∇)ψ .
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In these equations i , f  and n  represent the initial, final and intermediate states

respectively.

In general, the matrix elements in Eq. (2.27) and Eq. (2.28) should be evaluated using the
quantised field version of the vector potential, A, which is then a quantum mechanical
operator [17] The state vectors i , f  and n  then also should be interpreted as

including both the photon state and the atomic state, e. g. i = k ,ε( photon) ψ i(atom) ,

where the incoming photon is characterised by the wavevector k and the polarisation
vector ε. The matrix elements can then be evaluated using the second quantisation
formalism. It can be shown [17], however, that it is possible to use the following
equivalent classical vector potentials:

    A = A0εeik⋅r− iω t = c
N kh
2ωV εeik⋅r−iω t

for absorption and

    A = ′ A 0 ′ ε ei ′ k ⋅r− i ′ ω t = c
(Nk +1)h

2 ′ ω V ′ ε e− i ′ k ⋅r+ i ′ ω t

for scattering or emission, where V is the quantisation volume, and Nk the photon
occupation number. In the following i , f  and n  represent only the atomic state

vectors. If we use these expressions the transition amplitudes, Eq. (2.27) and Eq. (2.28),
can be evaluated giving [17,18]

  
M fi

(1) = ′ A 0A0ε ⋅ ′ ε f e i(k− ′ k )r i δ fi (2.29)

and

    
M fi

(2 ) = −
e2

m2 ′ A 0A0
f e−i ′ k ⋅r ′ ε ⋅ p n n e ik⋅rε ⋅ p i

En − Ei − hω
+

f e ik⋅rε ⋅ p n n e−i ′ k ⋅r ′ ε ⋅ p i

En − Ei + h ′ ω 

 

 
  

 
 

n
∑

(2.30)

where k', and ω' corresponds to scattered photons and k, ω to incoming (absorbed
photons), compare Fig. 2.1. The first term in Eq. (2.30) is called the resonant term and
corresponds to the normal time ordering with absorption first and emission later. The
second term is non-resonant and corresponds to emission before absorption. This can be
seen in the light of Heisenberg's uncertainty relation,     ∆E ⋅ ∆t ≥ h 2, which allows such a

reversed time-ordering. For most practical cases, however, the second non-resonant term
can be neglected compared to the resonant term since the denominator is much larger for
the non-resonant term.

In the soft x-ray region it is customary to use the dipole approximation, i. e. to keep only
the first, constant, term in the expansion   e

ik⋅r ≅1 + ik ⋅r + (ik ⋅ r)2 2 +K. This is justified
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as long as the wavelength is (much) larger than the atomic size, so that kr <<1. If we use

this approximation, Eqs. (2.29) and (2.30) above can be rewritten as

  
M fi

(1) = ′ A 0A0ε ⋅ ′ ε f i δ fi = ′ A 0A0 ε ⋅ ′ ε δ fi (2.31)

    
M fi

(2 ) = −
e2

m2 ′ A 0A0
f ′ ε ⋅ p n n ε ⋅ p i

En − Ei − hω
+

f ε ⋅ p n n ′ ε ⋅p i

En − Ei + h ′ ω 
 
 
  

 
 

n
∑   (2.32)

If we consider a measurement of the scattering cross section in a solid angle dΩ, and
frequency range ω , ω + dω , we have to consider the density of photon states, or

radiation density, for the scattered photons. For a scattered photon in the range k, k+dk,
the density of states is dNk = V

8π3 k2dkdΩ, where V is the quantisation volume, which in

terms of energy density can be written as 
  
dNh ′ ω = V

8π 3 c3
′ ω 2

h d(h ′ ω )dΩ = ρhω d(h ′ ω )dΩ .

If this is used in the Golden rule expression, Eq. (2.26) and integration over scattered
photon energy is performed, we obtain

  

dW fi

dΩ
dΩ =

2π
h

M f i
2
δ (Ef − Ei − h( ′ ω −ω ))ρh ′ ω d(h ′ ω )dΩ

′ ω 
∫

  
=

2π
h

M f i
2

ρh ′ ω dΩh ′ ω =hω −(E f −Ei )
(2.33)

for the transition probability (photon/s) into a solid angle dΩ. In this integration we have
assumed that Ef and Ei are "sharp" non-degenerate stationary states, and that the

incoming photon beam is monochromatic. For continuum states or for extended,
degenerate states in a solid we should also consider the electronic density of states in the
integration. Furthermore, if the final state, f, is an excited state with finite lifetime, we
should also take into account the lifetime broadening of the final state, Γf.

Writing out the transition matrix element, Mfi, we find that the differential scattering

cross section within the dipole approximation is

    

dσ
dΩ

= re
2 ′ ω 

ω
 
 

 
 ′ ε ⋅ εδ fi −

1

m

f ′ ε ⋅ p n n ε ⋅ p i

En − Ei − hω + iΓn
+

f ε ⋅ p n n ′ ε ⋅p i

En − Ei + h ′ ω 
 
 
  

 
 

n
∑

f
∑

2

h ′ ω =hω −(E f −Ei )

(2.34)

Equation (2.34) is the modified Kramers-Heisenberg equation since we have introduced a
life-time broadening, Γn, for the intermediate state in the resonant term. This expression

is given for the case of a one-electron atom. Since the cross section is defined as the ratio
between the scattered and incoming radiation intensities we have normalised to the
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incoming intensity in Eq. (2.34). This is reflected in the factor ′ ω 
ω  which is the ratio

between the scattered and incoming photon energies.

The first term in Eq. (2.34), which was first introduced by Waller [19], only contributes
to elastic scattering (ω = ′ ω ) and corresponds to the classical Thomson scattering. The
two terms in the parenthesis can contribute to inelastic scattering as well (ω ≠ ′ ω ),
Raman scattering, when Ef is different from Ei. In the optical Raman spectroscopy one
can resolve different vibrational excitations associated with Raman scattering. When Ef
is larger than Ei these lines are called Stokes lines and when Ef is smaller than Ei, in
which case Ei has to be an excited state, they are called anti-Stokes lines [20]. In the soft

x-ray region the inelastic scattering of this kind is called Raman inelastic x-ray scattering,
RIXS, and in this kind of spectroscopy different electronic excitations of valence levels
contribute to the inelastic Raman scattering [21,22].

As mentioned above the first term in the sum in Eq. (2.34) is resonant and the second is
non-resonant. In general the resonant term dominates over the non-resonant term since
the nominator of the resonant term is (much) smaller than the nominator of the non-
resonant term. Close to a resonance frequency the resonant term dominates by orders of
magnitude compared to the other terms.

Two interesting special cases can be distinguished. At frequencies much higher than
resonance,  hω >> hω

fi
= E

f
− E

i
 , the first, elastic Thomson term in Eq. (2.34) dominates

and since this term only contributes to elastic scattering we have

  

dσ
dΩ

= re
2 ′ ε ⋅ ε 2 = re

2 1
2 (1+ cos2 ϕ) (2.35)

where ϕ is the scattering angle, as illustrated in Fig. 2.2. The last step in this equation is
again valid for a case of unpolarised incident radiation where the polarisation of the
scattered light is not measured. As we can see this is exactly the same expression,
Eq. (2.3), as derived above in a classical case. Since we have used a non-relativistic
treatment, Eq. (2.35) does not account for electron recoil in the scattering process and
thus fails for photon energies close to or above the electron rest energy, 511 keV, where
Compton scattering becomes important.

The other special case is when ω << ω fi . For elastic scattering, ω = ′ ω , it can be shown

[17] that we retain the classical expression for the frequency dependence of Rayleigh
scattering, Eq. (2.7).

dσ
dΩ

= re
2ω 4 ⋅ const. (2.36)
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Relation between forward scattering factor and refractive index

We now return to the forward scattering factor mentioned above. The importance of the
forward scattering factor can be seen from its relation to the optical refraction index,
n(ω). The relation between the forward scattering factor is seen by the fact that in a
homogeneous material, the scattered spherical waves recombine to form a secondary
plane wave in the forward direction. In all other scattering directions the scattered waves
cancel in a homogeneous material.7 The secondary wave lags in phase 90˚ compared to
the incoming, primary, wave [23]. The secondary and primary waves will interfere and
the resultant wave is the refracted wave with the phase velocity c/n. This was shown
rigorously at the beginning of the last century by Ewald [24] and Oseen [25] and is called
the Ewald-Oseen extinction theorem [26].

The use of macroscopic material constants, such as the index of refraction, when the
perturbing field has a wavelength close to the size of the scatterers is not entirely
obvious. In the soft x-ray region where the dipole approximation is still valid (λ > 1Å)
this is acceptable, but for harder x-rays with λ < 1Å it is less obvious. The validity of the
Ewald-Oseen extinction theorem also for harder x-rays has been shown [27] using the
fact that the electrons respond as free electrons for frequencies much higher than their
characteristic frequency. This is the basis for using macroscopic indexes of refraction
also for shorter wavelengths.

The relation between the forward atomic scattering factor,   f
0(ω ), and refractive index,

n,  can be shown by considering transmission through a slab of finite thickness consisting
of atoms with a certain forward scattering factor   f

0(ω ).The derivation was done by
Darwin in 1914 [28] and is recapitulated in books by James [29] and Compton [14] and
also more recently by Henke et al [30]. A formally similar derivation for scattering by
macroscopic particles in the optical region is found in books on light scattering [31,32].8

The derivation will not be given in detail here, and the reader is referred to the references
given above for more details. The scattered amplitude from a slab of thickness l which is
thin compared to the scattering cross section so that multiple scattering can be neglected,
is considered. (In the original treatment of Darwin one atomic plane in a crystal was
considered). The scattered radiation amplitude is considered at a distance z in the
direction of propagation, where it is assumed that z >> λ. If the scattered amplitude from
all the atoms, with scattering factor   f

0(ω ), in the slab are added with its phase, it can be
shown that the resulting amplitude corresponds to the contribution of scattered light from
half the first Fresnel zone, since adjacent Fresnel zones have different sign and therefore
almost cancel each other [23]. (The slab is considered infinite in the x and y directions
and uniformly illuminated). There is a resulting phase shift of –π/2 and the relation

                                                
7  Except for the case of Bragg scattering in crystals where scattered waves can interfere constructively in
other directions as well.
8  Note that in the literature of particle scattering the scattering factor is usually written S, and is related to
the atomic scattering factor by the relation S(0) = ikf (0) , for the forward scattering amplitudes [31,32].
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between the amplitude, Esc, of the scattered wave and the amplitude, Ein, of the incoming

wave can be shown to be

  Esc = Einλ Nat l f0(ω)ree
−i π

2 = −iEinq (2.37)

where Nat is the atomic volume density. If we add the amplitudes of the scattered and the

incoming waves we get the amplitude of the resulting wave as

  Etot = Ein + Esc = (1− iq)Ein ≈ Eine− iq .

The introduction of the slab of thickness l thus can be interpreted as having produced a
phase change

  ∆φ = −q = −λNat l f 0(ω)re . (2.38)

This expression can be compared to the phase shift that we would get from considering
the phase retardation due to a slab of thickness l with the macroscopical index of
refraction n

  ∆φ = kln − kl = kl(n −1), (2.39)

i. e., the phase difference between a wave propagating a distance l through a medium of
refractive index n, and a wave propagating a distance l through vacuum.

If we compare the expressions (2.38) and (2.39) we have

  kl(n − 1) = −Natlλre f 0(ω)

so that

  
n1 + in2 =1− δ + iβ = 1−

λ2Natre

2π
( f1

0 (ω) − if2
0(ω))

and

  

δ = λ2Natre

2π
f1

0 (ω)

β = λ2Natre

2π
f2

0 (ω)

(2.40)

which is the relation we obtain between the optical constants and the forward scattering
factors.
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It is interesting to compare the above results with the Drude model used for free electron-
like metals in the optical region [15]. The Drude model gives the following expression
for ω >> ωp  if damping is neglected:

n = 1 −
ω p

2

ω2 ≈1 −
1

2

ω p
2

ω 2 (2.41)

where ω p
2 =

Nee2

ε0m
 is the so-called plasma frequency for the free electron gas, with Ne as

the volume density of free electrons. If we use Ne = Natf1 , as the number of effective

electrons in Eq. (2.40), we get

n = 1− δ = 1−
1

2

ω p
2

ω 2 (2.42)

i. e. the same result as with the Drude model. We thus see that f1 corresponds to the

number of effective electrons per atom. This is of course to be expected for high
frequencies where   f

0(ω ) → Z . It should be noted that in the x-ray region all atomic
electrons can contribute if the frequency is high compared to the binding energies of the
electrons, whereas for the Drude model used in the optical region only the quasi-free
electrons in the conduction band are included; for example, one electron per atom for
sodium and three electrons per atom for aluminium.

Kramers-Kronig relations

The real and imaginary parts of the forward scattering factors are related by the Kramers-
Kronig relations. (The superscript 0 to indicate the forward scattering factor is omitted
from here on). These relations rest on the assumption of causality and that f(ω) is
analytic. Since f(ω) goes to Z in the limit of ω → ∞ , the Kramers-Kronig relations are
given for f(ω)–Z instead of f(ω):

f1(ω ) − Z = −
2

π
′ ω f2 ( ′ ω )d ′ ω 

′ ω 2 − ω2
0

∞

∫

f2(ω) = −
2ω
π

( f1( ′ ω ) − Z)d ′ ω 
′ ω 2 − ω2

0

∞

∫
(2.43)

When relativistic scattering theory is used it is found that Z has to be corrected for
relativistic effects so that

Z∗ = Z − Etot / mc2 (2.44)

should be used instead of Z for the high energy limit of f(ω) . This correction becomes
important for higher atomic numbers where electron binding energies become
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comparable to the electron rest mass. Henke et al included this correction in their
tabulation of f(ω) [30] by making a fit to tabulated values based on relativistic
calculations:

Etot / mc2 ≈ (Z /82 .5)2.37. (2.45)

The optical theorem

Another important relation that is used in connection with the measurement of scattering
factors is the optical theorem, which relates the imaginary part of the scattering factor
with the total scattering cross section:

  
σ tot =

4π
k

Im f 0 (ω ) =
4π
k

f2(ω ) (2.46)

whereσ tot = σpe + σcoh + σ incohis the total scattering cross section with contribution

from photoelectric absorption, coherent (Rayleigh) scattering and incoherent (Compton)
scattering. The optical theorem thus relates the imaginary part of the forward elastic
scattering amplitude with the total scattering cross section for all processes, including
elastic scattering and all possible inelastic transitions such as photoabsorption and
Compton scattering.

The optical theorem can be seen formally as the unitarity of the S-matrix in relativistic
scattering theory [17]. A more pedestrian way of expressing this is simply the
conservation of probability in the scattering process. The forward scattering factor
interferes with the primary wave, and what is "taken away" by interference in the
forward direction, the extinction, is scattered in some other channel. That the imaginary
part of the scattering factor is responsible for the interaction is simply because it is out of
phase with the incoming beam and, according to the arguments given above, takes away
intensity in the forward direction. The history of the optical theorem is reviewed in [33]
and physically intuitive derivations are found in [31,32] for the case of particle
scattering.

In the soft x-ray region the dominating contribution to the total scattering cross section is
the photoelectron absorption cross section. The coherent scattering cross section is orders
of magnitude smaller. The Compton scattering cross section is negligible in the soft x-ray
region but become the dominating at higher energies. Thus, for the soft x-ray region it is
approximately valid that the photoabsorption cross section equals the total scattering
cross section, so that Eq. (2.46) can be written

  
σ tot ≈ σpa ≈

4π
k

f2(ω) . (2.47)

From Eq. (2.47) we thus see that f2 can be determined from measurements of the
photoelectron absorption cross section, and f1 is then given from f2 by the Kramers-

Kronig relations, Eq. (2.43). This method was used by Henke et al. in their tabulations of



26

scattering factors [30], where they used the average of available photoabsorption cross
section data together with calculated data for some energy regions.

2.3 Optical constants in the soft x-ray region

As already mentioned, the real part of the index of refraction in the soft x-ray region is
usually less than unity and can be written n = 1–δ, where δ > 0 in general. We thus can
expect total reflection below a certain critical angle,  θc ≈ 2δ . This is, however not
strictly valid close to the absorption edges where the coherent scattering factor, f(ω),
decreases and occasionally becomes less than zero so that δ <0 and 1–δ >1, so that one
can expect "normal optical behaviour" there. Typical examples are the Si K and C K-
edges [34,35].

Early measurements of the index of refraction in the x-ray region.

Already Röntgen tried to detect refraction of x-rays in solids. He used prisms of e. g.
glass and aluminum, but did not discover anything since he was looking for a refractive
index of the same order as in the optical region [14]. Stenström made measurements of
the deviations from Bragg's law of x-ray diffraction in 1919. These deviations indicated
the existence of a refractive index for x-rays and were in such a direction that the index
of refraction should be less than one. The measurements were performed on crystals of
gypsum and sugar in Siegbahn's laboratory in Lund [3]. These results led Compton to the
investigation of total reflection at small glancing angles, which should follow by an
index of refraction less than one. Compton made measurements on crown glass and
silver "mirrors" using W L-emission of λ = 1.3 Å. The measurements confirmed total
reflection below a certain critical angle and from the relation   θc ≈ 2δ  he gave values of
δ of the order of 10–6 which is in agreement with a simple Drude-Lorentz theory [36].

In 1924 Larsson, Siegbahn and Waller [37] made measurements of the refraction of x-
rays in a glass prism. Waller, who worked with the theory of the dispersion and influence
of heat motion on x-ray diffraction, suggested this type of measurement [37,38]. The
results were in agreement with dispersion theory and gave   δ = const ⋅ λ2 since the
measurements were carried out with wavelengths far away from any absorption edges of
the atoms in the glass prism. This was a direct confirmation of the refraction of x-rays.
Larsson later made more precise measurements of the refraction in a prism of quartz
which were presented in his thesis [39]. The measurements were carried out at several
different wavelengths, corresponding to the characteristic radiation of different targets of
the x-ray tube, centred around the K-absorption edge of Si at 6.7 Å (1.8 keV). This was
in order to investigate the effects on the refractive index close to an absorption edge. The
measurements were performed with great care and the results confirmed the "anomalous"
dispersion effect close to the absorption edge, i. e. that δ deviates from the   δ = const ⋅ λ2

behaviour expected from a free electron gas. It can be mentioned that the prism method
has also been used more recently, for instance for the determination of dispersion in
GaAs [40].
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Modern methods used to determine optical constants

Measurements of optical constants/scattering factors are important, for instance, for
predicting the behaviour of optical elements such as mirrors in the soft x-ray region.
Some measurement methods are mentioned here, and the reader is referred to other
sources for more information: general overviews of optical constants are found for
instance in [41-43]. Different ways of measuring f1 in the x-ray region are reviewed in

[44]. The subject of x-ray dispersion corrections in general, calculations as well as
measurements, for instance, are treated in [45,46].

The most common methods to determine optical constants, δ and β, and the related
scattering factors, f1 and f2 , see Eq. (2.40), in the soft x-ray region are the following:

a) Transmission measurements to determine photoabsorption coefficients, (β)
b) Measurements of reflection vs. angle and/or energy (δ, β).
c) Interferometric methods to determine phase shift (δ).

There are other methods which can briefly be mentioned: in the lower energy region
(VUV), ellipsometry can be used for the determination of δ and β up to ≈ 35 eV [47], and
EELS can be used up to about 30 eV [48]. Angular dependent measurements of
photoemission have also been used for the determination of optical constants [49,50].

a) Transmission measurements can be used to measure β and Kramers-Kronig transforms
applied to obtain the real part, δ. Transmission measurements for attenuation coefficients
in the x-ray region in general are reviewed in Ref. [51] and tabulations of attenuation
coefficients for different energies can, for instance, be found in Ref. [30,52,53]. In the
EUV and soft x-ray region the absorption is relatively high and there is an experimental
problem in producing sufficiently thin, free standing films for transmission
measurements. The films should be pin-hole free and homogeneous and of well-known
thickness. Measurements using carbon/metal multilayer films have been reported [54].
The method of using co-evaporated carbon films for support and oxidation protection has
also been used [55,56]. As an example, transmission measurement using free-standing
films of C/Mo/C of different thickness for determination of the absorption coefficient of
Mo in the energy range 60–930 eV was recently reported [55]. The thickness of the Mo
layer of different films varied between 300–1900 Å and the C layers were 145 Å thick.
The authors used Kramers-Kronig analysis for the determination of δ and sum-rules to
check for consistency.

b) Measurements of specular reflectivity vs. angle and/or energy at grazing angles around
the total reflection region can be used for the determination of δ and β [57]. The critical
angle in the case of small absorption can be used directly to determine δ through the
relation   θc ≈ 2δ . By fitting the reflectivity measurements to Fresnel calculations both δ
and β can be determined. Reflectance measurements suffer from the problem of
contamination and surface roughness. Usually the surface roughness has to be known and
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a contamination layer included in the evaluation of δ and β. The advantages are that
reflectance measurements can be used for determination of both δ and β and that
measurements can be performed on bulk samples which are applicable in cases where
sufficiently thin free standing films are hard to manufacture. As an example, optical
constants of Si were recently determined by reflectivity measurements in the region
50 eV–180 eV, since stress-free Si films for transmission measurements are hard to
fabricate, and for the reason that highly polished and clean Si surfaces can be obtained
relatively easily [58].

c) Interferometric methods are used mainly for harder x-rays (> 3 keV) since absorption
is lower here [44], but have also been applied in the soft x-ray region [59,60]. The first
measurements using interferometry were performed by Bonse and Hart [61]. An
interferometer measures the phase shift by the propagation through a slab of a material,
which can be used directly for the determination of δ.

In the comprehensive tabulation of f1 and f2 by Henke et al. [30], covering the energy

range 50 eV–30 keV, the authors used a compilation of available experimental
photoabsorption data, together with theoretical calculations where experimental data is
sparse, in order to produce values for the best fit between different sources. In these
tabulations, f2 is given directly from photoabsorption data, Eq. (2.47) above, and f1 from

the Kramers-Kronig relations, Eq. (2.43). Updated versions of these tables are available
on-line [62]. Data from the Henke-tables were used in this thesis to calculate the angular
dependence of soft x-ray emission, Chapter 5.

It should be noted, though, that the Henke-tables represent data of atomic scattering
factors in the independent atomic approximation, i. e. that the atoms interact with
radiation as if they were isolated atoms. This approximation is not valid close to
absorption edges where the local environment of the atom gives rise to a fine structure
[63] in the absorption edge. The independent atom approximation also breaks down for
low energies (generally below 50 eV) where the band structure may influence the optical
behaviour of materials.



3 EXPERIMENTAL

This chapter gives the experimental details of soft x-ray spectroscopy as applied to the
measurement in the thesis. It also treats the sputtering technique for thin film production.

3.1 Soft x-ray emission spectroscopy

Air at atmospheric pressure shows high absorption of electromagnetic radiation in the
wavelength range 2000 Å to 2 Å, corresponding roughly to the energy range 6 eV to
6 keV. A spectrometer in this region must therefore operate under vacuum. The range 50
eV to 6 keV is called the soft x-ray region, SX, as opposed to the hard (penetrating) x-
rays in the energy range above 6 keV. The region 6 eV to 50 eV is called the vacuum
ultraviolet, VUV, and the energy range 50 eV to 1000 eV is usually called the ultra soft
x-ray region, USX, or extreme ultraviolet, EUV, region. These boundaries are somewhat
arbitrary and sometimes one finds alternative definitions, for instance is VUV sometimes
used for the entire range 6 eV to 6 keV. The measurements in this thesis are carried out in
the ultra soft x-ray region, from about 70 eV (Al L-emission) up to 930 eV (Cu L-
emission).

3.1.1 Dispersion of radiation

X-ray spectrometers designed for higher energies traditionally use crystals as dispersive
elements. In the (ultra) soft x-ray region for wavelengths longer than 20 Å the distance
between crystallographic planes in most natural crystals is too small for the crystal to be
used as a dispersive element. Artificial crystals such as molecular multilayers of lead
stearate have a plane distance of 2d ≈ 100 Å. They give relatively high efficiency but the
resolution is limited to above 1 eV [64]. Gratings generally give higher resolution,
especially in the lower energy range, but at the expense of efficiency. Another advantage
with gratings as opposed to crystals is that the groove distance can be measured
independently, either with a microscope or with a well-known optical wavelength. This
was historically important for absolute wavelength measurements [65].

In the early days the gratings were ruled mechanically with a diamond tip. Important
steps for soft x-ray gratings were taken in the 1920s when the ruling-engine of Siegbahn
was developed, allowing gratings of high precision and shallow grooves to be produced
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[66]. The shallow grooves were important for reducing shadowing effects since the
gratings are used in grazing incidence. Nowadays, however, the common method is to
produce the gratings by holography and ion etching. The holographic method gives very
high accuracy of the groove periodicity, avoiding problems with grating "ghosts" and
stray light. Furthermore, it allows control over the groove profile and so-called blazed
gratings with saw tooth groove shapes can be produced. The blaze angle is chosen in
order to optimise the reflectivity for a certain angle in correspondence with the use of the
grating in a certain wavelength region. The principle of a blazed grating is shown in Fig.
3.1 b). The ion etching is used to transfer the grating profile from the photoresist to the
substrate, which is subsequently covered with a thin layer of gold (or other high Z metal
such as Pt) in order to enhance the reflectance. Gratings produced in this way can have
high groove densities and reach relatively high efficiencies [67]

Figure 3.1. a) The principle of a Rowland spectrometer, where radiation from the source (slit) is
diffracted at the grating and focussed on the image (detector). b) The principle of a blazed reflection
grating with radiation diffracted in different orders, m. The blaze angle is normally chosen for
optimum efficiency in first order diffraction, i. e. the first order is specularly reflected against the
facets.

In the soft x-ray region most materials have a refractive index, n, less than (but close to)
unity (n < 1). This results in total external reflection below a certain angle, called the
critical angle of total reflection, θc. Since n is quite close to 1, e. g. n = 0.995 for Au at

500 eV, the near normal reflectivity is very low in the soft x-ray region. Therefore the
grazing angle region, taking advantage of the total reflection, is in practice the only
usable angle range for gratings in the soft x-ray region.

3.1.2 Concave grating spectrometers

The concave grating spectrometers were developed for optical measurements at the end
of the 19th century by Rowland [68] and others. Rowland made important contributions
both to the development of the theory of the concave grating as well as by developing
precise ruling engines [69,70]. The theory for concave gratings at grazing incidence was
further developed in the 1930s by Mack, Steen and Edlén [71], who derived an optimum
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illumination width of the grating for best resolution. The concave grating combines
focussing and dispersion in one element. The advantage of focussing is that the
luminosity is increased, since a higher angle of acceptance can be used compared to non-
focussing instruments where the incoming beam is collimated by narrow slits [14]. The
focussing could be done by separate mirrors, as is normally the case for optical
spectrometers, but the addition of extra mirrors reduces the throughput since the
reflectivity is low in the VUV and soft x-ray region except for very small grazing
incidence angles. The principle of the grazing incidence mounting is shown in
Fig. 3.1 a). The slit and the detector are both mounted on the Rowland circle (focussing
circle). The spherical concave grating has a radius twice the radius of the Rowland circle
and is mounted tangent to the circle. As Rowland discovered, for this geometry a point at
the slit is focussed on the detector, and to first order the same diffraction equation as for a
plane grating holds:

sinα − sinβ =
mλ
d

(3.1)

where α and β are the angles in and out respectively, m the order of diffraction, d = 1/N
the groove separation and λ the wavelength. The diffraction of grating is illustrated in
Fig. 3.1 b) in the case of a blazed grating. The focussing condition of a spherical surface,
however, only holds strictly for the ray reflected at the tangent point of the grating and
aberrations (image defects) distort the image. The most important aberration is
astigmatism [23] which become severe at grazing incidence. This means a source point
on the slit is actually imaged on a curved line at the detector, resulting in an intensity loss
which in principle can be handled by using a two-dimensional detector (see below).
Spherical aberration and coma are also present and in practice this limits the usable width
of the grating, see below. It can also be shown that the best focus is actually found
slightly off the Rowland circle [72].

Resolution of a concave grating spectrometer

The resolution of the concave grating spectrometer depends on the illumination of the
grating, the slit width and the resolution of the detector. The resolving power of a plane
grating in a simple model is proportional to the order of diffraction and to the number of
illuminated grooves of the grating;

Rpl = λ
∆λ = mN (3.2)

where λ is the wavelength, ∆λ, the smallest wavelength separation that can be resolved,
m the order of diffraction, and N is the number of illuminated grooves. In this simple
model the resolving power is thus only limited by the size of the grating. However, for a
concave grating, due to the aberrations of the spherical surface mentioned above, which
increases with illumination of the grating, the optimal resolution is found at an optimal
illumination width, Wopt; a trade-off between focussing properties and number of
illuminated grooves [71]. Wopt is different for different geometries, i. e. for different
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wavelengths. The plane grating resolution is thus only valid up to a limited illumination
width and the best theoretical resolution is given by

RT = λ
∆λ =

mWopt

d
. (3.3)

This also means that the angle of acceptance, and thus the throughput of the
spectrometer, is limited by the illumination width if optimal resolution is desired.

There is yet another limitation to the resolution, namely the finite slit width. The
theoretical resolution given by Eq. (3.3) is only valid for an infinitesimal slit width,
w → 0 . First, purely geometrical considerations show that the difference between rays
from the two opposite edges limit the resolution. Secondly, diffraction at the slit also
limits the resolution. For an infinitesimal slit width, and for monochromatic light, a
circular wavefront of coherent light is formed and the slit acts as a virtual point source.
For a finite slit width, w ≠ 0, a coherent beam of angular width approximately [23] 2λ/w
is formed. Together, the geometrical and diffraction aspects of the finite slit width limit
the wavelength resolution to [71]

  
∆λ =

wd

mρ
1.1 (3.4)

where ρ is the radius of the grating. This puts an upper limit to the resolution and for slit
widths used in practice (> 5 µm) the resolution of the spectrometer presented below is
slit width limited. This resolution requires a well-adjusted spectrometer, where the
illumination of the grating is set to Wopt. From Eq. (3.4) we can see that for a certain
grating where d and ρ are given, the only way to increase the resolution is to use a higher
order of diffraction or a smaller slit width—both ways give lower intensity. There is
obviously a trade-off in intensity if one wants to obtain high resolution. Note that
according to Eq. (3.4) the resolution in terms of wavelength separation, ∆λ, is
independent of wavelength, which implies that the energy resolution is better at longer
wavelengths (lower energies).

The angular resolution of the grating is of little use if the detector is not able to spatially
resolve the spectral lines. For the spectrometer presented below the resolution limit of the
detector is about 100 µm and thus for most cases the resolution is limited by the detector
if the slit is below 10 µm. The best trade-off between resolution and throughput is
obtained when the slit and the detector contribute equally to the spectral broadening and
this resolution is about 0.03 eV at 50 eV and about 0.5 eV at 1000 eV [73]. These
resolution numbers are given with the assumption of a well-adjusted spectrometer which
does not contribute to any misalignment broadening, something which can be hard to
achieve in practice.
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The spectrometer

The instrument used in these studies is a spectrometer built at Uppsala University which
is described in detail in Refs. [73,74]. The instrument uses spherically concave,
holographic, ion-etched gratings. In Fig. 3.2 a schematic picture of the instrument is
shown. Three different gratings for three different energy ranges are used. The gratings
have the groove density 300, 400 and 1200 lines/mm with radii 3, 5 and 5 m respectively.
Together, these three gratings cover the energy range 50–1000 eV (250–10 Å). The slit
has adjustable width and consists of two knife-edges slightly displaced from each other.
The effective slit width can be adjusted by rotation of the slit around the symmetry axis
and is continuously adjustable between zero and 100 µm [75].

Figure 3.2. Schematic picture of the spectrometer used in the experiments.

The detector is two-dimensional, of effective size 40×40 mm, and is based on a stack of
multichannel plates (MCP) and a resistive anode for position read-out. It is mounted in
such a way that it can be moved in two spatial directions X and Y, with translational
stepping motors in order to move the detector to different focussing points corresponding
to different wavelengths and different choices of gratings. The detector can also be
rotated around an axis at the surface of the detector in order to adjust the detector
tangentially to the Rowland circle.

The efficiency of the detector is enhanced by covering the front MCP with a thin layer of
CsI. A front electrode connected to negative voltage is used to prevent electrons
produced at the surface of the CsI from being lost. This is important since the detector is
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used at grazing incidence and most of the electrons are created near the surface. The
photons are converted into electrons in the CsI layer and the electrons are then multiplied
in the "channels" of the MCP and a burst of electrons is created for each photon that is
detected. This charge burst is then collected at a resistive anode where the position can be
determined by measuring the current at four corners of the resistive anode. After many
photons have been detected, the detector image, a two-dimensional spectrum, can be
seen. As mentioned above, the image of the slit at the detector is a curved line due to
astigmatism, and after setting the "curvature" in a measurement computer the two-
dimensional spectrum can be converted into a one-dimensional spectrum.

3.2 Radiation sources

Historically x-ray glass tubes were used as emission sources for x-rays. Skinner, for
instance, used a glass x-ray tube designed for soft x-rays [6] which consisted of a heated
filament for electron emission and the possibility of evaporating a fresh layer of anode
material periodically. In the x-ray tube, the x-rays are excited by electrons that are
accelerated towards the target (anode or anticathode). The intensity that can be obtained
from a small spot is clearly limited by melting of the target material. Different means of
handling this, such as cooling and using a rotating anode, can increase the power density
limit by an order of magnitude. However, the real "revolution" in intensity was with the
advent of synchrotron radiation sources. The advantages of the synchrotron as a source of
electromagnetic radiation for x-ray spectroscopy and other experimental techniques are
described in more detail below.

3.2.1 Electron beam excitation

Electron beam excitation is used in most of the studies included in this thesis. This way
of exciting is similar to an x-ray tube in the sense that the electrons bombard the sample
(target) that is going to be studied. However, in electron beam excitation the electrons are
emitted, accelerated and focussed to a beam in a separate electron gun. This has the
advantage that the electron beam can be focussed to a spot at the sample near the
spectrometer, which is advantageous for intensity reasons. The ionisation cross-section
for producing core-holes has its maximum at about 3 to 5 times the core-level binding
energy [76] and typical electron energies used in this work are 2 keV to 4 keV. An x-ray
tube can also be used as a "primary" excitation source for secondary soft x-rays. Since
the fluorescence yield is fairly low in the soft x-ray region, around 0.1 % at 1 keV, this
gives low intensities of secondary, fluorescence x-rays.

The electron impact also gives rise to ionisation of valence electrons with lower binding
energy, which means that chemical bonds can be broken, resulting in deterioration of the
sample. This can result in chemical decomposition of the sample with time [77]. One
therefore needs to take precautions against this and check so that the typical
decomposition time scale is longer than what is needed for recording the spectrum. For
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gas phase studies of molecules the decomposition problem can be solved by establishing
a certain gas-flow through the excitation volume to make sure "fresh" gas is probed. Pure
metals are generally more stable than compounds due to the more delocalised valence
electrons. The heating of the sample may be a problem when using electron beam
excitation since a large part of the electron beam energy is transferred to heat in the
sample. Since the heating per se may introduce chemical changes or deterioration in the
sample, cooling might be needed. Fluorescence excitation (using photons) is generally
better with respect to sample deterioration but precautions have to be taken, especially in
studies of organic compounds [64]. One advantage with synchrotron radiation (see
below) is that the excitation can be done selectively so that more or less only the core-
level of interest is excited or ionised. The heating is also less in this case.

3.2.2 Synchrotron radiation sources

Synchrotron radiation was first seen as an unwanted energy loss from particles in
accelerators for nuclear and particle physics. In the 1950s it was realised that this
radiation was a useful source of electromagnetic radiation and in the 1970s came the first
dedicated sources for synchrotron radiation. The so-called third generation synchrotron
sources are now in operation and one of these is MAX-lab in Lund, Sweden, where some
of the measurements in this thesis were performed. The importance of high intensity
x-ray sources can be seen in the light of the fact that the fluorescence yield in the soft
x-ray energy range is only about 0.1 %, the competing Auger decay channel being much
more probable at these core hole energies.

The physical background to synchrotron radiation is that charged particles emit
electromagnetic radiation when accelerated, for instance in the bending magnets of a
circular storage ring. The radiation in the reference frame of the particle is emitted in a
dipole pattern. As the particle has a highly relativistic energy (in the GeV range) the
radiation pattern as observed in the laboratory frame is Lorentz' transformed and appears
in a narrow "search light" cone in the forward direction. This is advantageous since the
radiation is concentrated in a small solid angle and can quite easily be made available for
experiments.

The so-called bending magnet radiation, which is generated when the electron beam is
deflected in a dipole magnetic field that is used to bend the electron beam around the
storage ring, has a continuous spectral range from IR to hard x-rays up to a cut off
frequency that is determined by the energy of the electrons. The electrons can also be
accelerated in a periodic magnetic structure, a wiggler or an undulator. The undulator is a
periodic structure of magnets; an array of about 50–100 dipole magnets. As the electrons
travel through this array of magnets they form an oscillatory (undulating) path9, and
radiation from each oscillation interferes constructively and combines into a narrow
forward light cone. The radiation from an undulator is not spectrally continuous, as in the
bending magnet case, but concentrated into narrow spectral peaks, undulator peaks
                                                
9 Undulating means wave-like.
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(fundamental and harmonics). The wavelength (photon energy) of these peaks can be
adjusted by changing the magnetic field strength at the electron beam. In practice this
tuning of energy is performed by changing the vertical gap between the magnets of the
undulator. The undulator can be used for generating photons of energies 5 eV to 1500 eV
and thus is a very useful source for soft x-rays.

The main advantages with synchrotron radiation are the energy tunability and the high
photon flux combined with a large degree of collimation. The intensity is several orders
of magnitude higher than that obtained from an x-ray tube. The divergence of the beam is
typically only 0.1–1 mrad.10 This can be compared with an x-ray tube, which emits
almost isotropically, leading to a rapid decreasing intensity with distance from the
source. The ideal source for spectroscopy is one which emits infinite intensity at a single
frequency from an infinitesimal spot into a single ray. The figure of merit describing this
is the brilliance (or spectral brightness), which is an important concept in the design of
synchrotron radiation sources.

The photon energy is usually selected in a monochromator before the radiation is used in
an experiment. Since the radiation is spectrally continuous (bending magnet radiation) or
can be selected (wiggler, undulator) this gives energy tunability. The energy tunability
comes in as a new feature compared to other sources in the soft x-ray region, since the
continuous bremsstrahlung radiation is very weak in this region. The tunability is used in
several spectroscopies such as x-ray absorption spectroscopy (XAS), where the tunability
is used to study the absorption edge in detail. In resonant x-ray emission spectroscopy
(RXES) the tunability is used for selective excitation of the core-level of interest. RXES
gives detailed information about the electronic structure that was not accessible with
earlier types of sources [21,78]. The tunability and intensity of synchrotron radiation is
also crucial in x-ray diffraction (XRD), allowing more information to be collected from
smaller samples. This is important for instance when resolving the structure of large
biomolecules. The tunability is also exploited in MAD (multiwavelength anomalous
diffraction) for phase evaluation in structure analysis of macromolecules [79,80].

Other important properties of synchrotron radiation are the polarisation properties and
the time-structure. The time-structure of synchrotron radiation comes from the fact that
the electrons come in regular bunches so that the radiation comes in "flashes" with a
separation of the order of nano-seconds. This can be used for time dependent studies of
dissociation processes as well as time-of-flight measurements. It is also possible to use
the time-structure for background suppression by gating the detector to avoid background
counts between the bunches. The fact that synchrotron radiation is linearly polarised in
the plane of the electron orbit and elliptically polarised slightly off that plane (circular-
helical) is used in x-ray magnetic circular dichroism (XMCD), for probing magnetic
moments [81,82].

                                                
10  Corresponding to 0.1–1 mm at a distance of 1 m.
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3.3 Soft x-ray absorption spectroscopy

In x-ray absorption (XAS) one is interested in measuring the absorption coefficient,
µ(ω), of the sample. This can be done either by measuring the transmission of x-rays
through thin foils or by measurement of secondary processes following the absorption
(yield measurements). Transmission measurements were used historically [14] and are
similar to measurement of the optical transmission in the visible region. This is feasible
for hard x-rays where the absorption is weaker and the absorption lengths are of
macroscopic sizes. In the soft x-ray region the interaction is generally stronger and thus
very thin foils have to be used and in practice yield measurements are used in this region.
Furthermore, absorption measurements of samples which are not possible to measure in
transmission mode can be carried out [83]. For absolute measurements of the absorption
cross section, however, transmission measurements on thin foils of known area density
still have to be used [55].

There are different types of yield techniques, electron yield (EY) measuring secondary
electrons, fluorescence yield (FY) measuring emitted photons and ion yield (IY)
measuring secondary ions from surface adsorbates or a gas. In solid state studies EY and
FY are the most common and will be discussed in more detail here. A more thorough
treatment of the subject is found in [63].

The principle behind EY and FY is the following: when an x-ray photon is absorbed a
core-hole is created creating an x-ray photoelectron (if the energy is higher than the
ionisation potential). The excited core-hole state decays either radiatively, emitting a
photon, or non-radiatively, emitting an Auger electron. The intensity of these decay
channels are  proportional to the number of core-holes created in the absorption of x-ray
photons and thus to the absorption cross section. The primary photoelectrons and Auger
electrons are scattered inelastically on their way out from the sample, creating a cascade
of secondary electrons. In the total electron yield (TEY) mode, electrons of all energies
are collected but the signal is dominated by the secondary electrons of energy below 10
eV. The mean free path for these is about 50–100 Å, limiting the origin of the TEY
signal to a surface layer of about the same thickness, see Fig. 3.3. The surface sensitivity
can be enhanced even further by detecting Auger electrons and primary valence
photoelectrons only, partial electron yield (PEY), since the mean free path of these
electrons of higher energy is only about 10 Å.

The surface sensitivity of EY can be desirable in surface science studies but if one is
interested in bulk properties the surface sensitivity can be a problem, for instance if the
surface is contaminated or oxidised. The FY technique, on the other hand, is less surface
sensitive since the emitted photons interact less strongly with matter than electrons. In
particular, the absorption is low since the emitted photon is just below the absorption
edge in energy. The mean free path for emitted photons is of the order of magnitude
1000 Å and for the incoming (exciting) photons about 500 to 1000 Å and thus FY is
more bulk sensitive than EY. This is illustrated in Fig. 3.3.
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Figure 3.3. Difference between probe depth in electron yield and fluorescence yield techniques for
absorption measurement. After [63].

The yield-mode measurements rest on the assumption that the thickness of the layer
where the measured electrons or photons are generated is much less than the absorption
length of the incoming photons. In EY this is generally satisfied due to the short mean
free path of the electrons, but in FY this can be a problem. If all the generated photons
are able to penetrate to the surface and be detected, the signal will simply reflect the
incoming x-ray intensity and not the absorption cross section. This is called saturation.
At an intermediate level, saturation is seen in the absorption spectrum as a decreased
signal-to-background ratio and a smearing out of sharp details [84]. The effect of
geometry on saturation is seen in Fig. 3.4. For case a), grazing in, normal out, the
absorption is largely taking place near the surface and thus nearly all the fluorescence
photons generated are detected and saturation occurs. In b), normal in, grazing out, the
detected photons come from a layer closer to the surface and photons generated deeper in
the sample are absorbed and do not reach the surface and the detector. This gives a better
signal-to-background ratio and a signal which is more proportional to the absorption
cross section than in case a) [84].

Figure 3.4. Illustration of the influence of the geometry in fluorescence measurements: a) grazing
incidence, normal out. b) normal incidence, grazing out. After [84].

In practice EY measurements are carried out either by collecting electrons leaving the
sample with a channeltron or a multichannel stack [63] or by measuring the current from
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the sample. Charging effects might be a problem if the sample has low conductivity, but
a controlled bias can be used in order to enhance the surface sensitivity even more,
collecting only Auger electrons and valence photoelectrons of higher energy. FY
measurements of emitted photons can be done with an energy resolving x-ray detector or
a channeltron with a negatively charged grid in front of it in order to reject electrons. For
FY, charging is not a problem. Both in FY and TY the measurements are normalised by
measuring the incoming photon intensity, I0, usually by measuring the electron yield

from a gold-coated grid.

3.4 Thin film deposition by reactive sputtering

3.4.1 General

Thin films and multilayers can be produced in many different ways. The main categories
are Chemical Vapour Deposition (CVD), Physical Vapour Deposition (PVD) and wet
chemical processes [85].

In CVD, thin films are produced in a reactor from a gaseous precursor. In order for the
synthesis of the thin film to take place, the gases have to be activated, either by thermal
activation or in some other way, for instance by irradiation [85]. A variety of CVD is
spray pyrolysis, which, for example, can be used for producing doped Sn2O films on
architectural and automotive glass, sometimes also called atmospheric pressure CVD
(APCVD) [86].

Among the wet chemical methods, anodisation can be mentioned. Anodisation is an
electrolytic process where a metal is used as an anode in an electrolyte (acid). The
cathode can be graphite or a metal. Aluminium can be anodised in order to form an
aluminium-oxide film at the surface. The aluminium-oxide film can be a homogeneous
barrier layer or a porous layer depending on process conditions. The barrier-type coatings
are used for protective reasons and porous coatings are used for solar absorber
applications [87]. In Chapter 6, results from measurements on anodised aluminium
coatings are presented.

In PVD, the thin film growth takes place by transferring atoms from a source to a
substrate. The most frequently used PVD techniques are evaporation and sputtering. In
evaporation the source material is heated up, either resistively or by using an electron
beam, in order to induce the evaporation. In sputtering, atoms are expelled from the solid
source material (the target) by ion bombardment. The sputtering technique is used for the
majority of the thin films studied in this thesis and will be described in more detail in the
next subsection.
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3.4.2 Sputtering

Sputtering is one of the most widely used thin film deposition techniques. It is used in
both industrial and scientific work and among the applications can be mentioned
semiconductor manufacturing, multilayer production and glass coating. One advantage
with sputtering as compared to evaporation is that high melting point materials such as
ceramics and refractory metals can easily be deposited by sputtering. There are a number
of related plasma techniques: dc and rf diode sputtering, dc and rf magnetron sputtering,
ion beam sputtering and reactive sputtering [85]. Magnetron sputtering is the most
commonly used technique of these and also the one used in this thesis. Here I will focus
on dc magnetron sputtering and reactive sputtering as well as on process control. The
reader is referred to other sources for more details about the sputtering process [88-90].

Basic principle

The general principle behind sputtering is that ions in a plasma close to the target
bombard the target and knock loose atoms that can condense and form a film at the
substrate. The general principle is shown in Fig. 3.5. The sputtering process takes place
in a vacuum chamber and an inert gas (normally argon) is let in so that the pressure is in
the 10 mTorr (≈10–2 hPa) range. In the case of dc sputtering the target is put at a negative
voltage (a few hundred volts) so that a glow discharge starts and a plasma is created. The
plasma is basically a conducting gas with free electrons that are accelerated away from
the target and positively charged ions that are accelerated towards the target. When the
positive (argon) ions impinge on the target, atoms (molecules) are expelled from the
target by momentum transfer. This process is known as sputtering. Details about the
ignition and operation of a self-sustained dc-plasma can be found, for example, in Ref.
[91].
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Figure 3.5. Schematic picture of the sputtering process. Argon ions impinge on to the target surface
and sputter away target atoms that can form a film at the substrate. Compound formation takes place
by reaction with reactive gas atoms both at the target and at the substrate. From  [91].

The plasma used in sputtering is formed by partly ionising a gas well below atmospheric
pressure. The plasma is weakly ionised, with an ionisation fraction of 10–5 to 10–1 [85].
In some cases, the term glow discharge is used instead of plasma. This stems from the
fact that in the plasma there are also excited atoms that decay by emitting photons in the
optical region, i. e. the plasma "glows". The two terms can, for all practical purposes, be
used interchangeably.

The material that is sputtered away from the target traverses the vacuum chamber and
condenses on the surfaces, including the substrate. A thin film is thus formed on the
substrate. The film growth rate is essentially determined by two factors: i) The sputtering
rate, i.e. the rate at which material is sputtered away from the target. ii) The sticking
coefficient, i.e. the rate at which the film is formed from the gaseous parts in the
chamber. The sputtering rate is the product of the ion current density in the plasma and
the sputtering yield. The sputtering yield is an important quantity of the sputtering
process and is defined as the number of atoms sputtered away from the target per
incident ion. It is dependent on a number of parameters such as the energy, mass and
atomic number of the bombarding ion and the target composition. More details about the
sputtering yield and the sputtering mechanism can be found in Refs. [92,93].

Most of the energy from the ions bombarding the target is deposited as heat, and only a
small fraction is transferred to the sputtered atoms. This means that the target will heat up
and therefore an efficient cooling system is needed to avoid melting of the target.
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Dc-magnetron sputtering

In magnetron sputtering a magnetic field is generated by magnets placed behind the
target. The magnetic field thus produced forces the electrons to move in spiral
trajectories in the plasma. This means that every electron will "see" more gas molecules
and the probability for ionisation increases, see Fig. 3.6. The main advantage with this is
that the gas pressure (the number 10 mTorr given above is for magnetron sputtering) and
target voltage can be lower than without the magnetic field. The plasma will also be
confined closer to the target which further increases the current density and thus the
sputtering rate. A disadvantage with magnetron sputtering is the rather low target
material utilisation. The target will not erode evenly over the area but much faster where
the magnetic field is strong, and an erosion track or "race-track" is formed at the target,
leaving some of the material unsputtered. Furthermore, sputtering with magnetic target
materials, such as iron or nickel, can be difficult since the magnetic field tends to "stay
inside" the target.

Figure 3.6 target. Schematic figure of a planar magnetron target showing the plasma confinement in the
magnetic field. From [88].

3.4.3 Reactive sputtering

In reactive sputtering, a reactive gas, such as N2 or O2, is introduced in the chamber in
addition to the inert (argon) gas. The reactive gas reacts with the sputtered target material
and a compound material, such as an oxide or a nitride, can form at the substrate. The
target is in most cases elemental but also reactive sputtering with compound target
material has been used [88]. Reactive sputtering is used extensively for the deposition of,
for example,. nitrides, oxides and carbides, for different applications such as optical thin
films, magnetic films and hard coatings [85].

Sputtering of compounds can also be done by using a compound target. In the case of an
insulating compound, however, rf sputtering must be used. The compound is likely to
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disintegrate during the sputtering process, and therefore the composition of the film
might not end up the same as that of the target. In that case, a reactive gas is needed to
restore the stoichiometry of the film [88].

There are a number of advantages of using a metallic target and reactive sputtering:
–The metallic target has high thermal conductivity and therefore the cooling is efficient.
–The high conductivity of a metallic target enables the use of dc sputtering.
–Sputtering in metallic mode (see below) gives a high sputtering rate, which is important
for industrial applications.

Reactive sputtering with a metallic target can be divided in essentially two modes, the
metallic mode and the compound mode (poisoned target mode) [94]. If the partial
pressure of reactive gas is low and the compound formation rate is lower than the
sputtering rate, all the compound formation takes place at the substrate and the chamber
walls. This is called the metallic mode since the target surface remains metallic. When
the partial pressure of the reactive gas is increased so that the compound formation rate
exceeds the sputtering rate, compound formation will take place at the target and a
transition to the compound mode will take place. The compound mode is usually
associated with a much lower sputtering rate than the metallic mode, due to the lower
sputtering yield in the compound mode [85].

The relationship between the partial pressure, sputtering rate and gas flow of the reactive
gas is complicated and normally involves hysteresis effects, i. e. the sputtering rate and
the reactive gas partial pressure depend on the history of the process. Basically, this has
to do with the fact that metal sputtered away from a target in the metallic mode acts as a
pumping source (getter pumping) since reactive gas is consumed in the compound
formation at the surfaces. The hysteresis effects are described in more detail below, in the
modelling section.

Process control

In many applications it is important to get the right stoichiometry of the growing film.
For example, the conductivity and refractive index of ITO (In2O3:Sn) [95,96] and the

mechanical [97] and optical [98] properties of TiN are sensitive to the stoichiometry of
the film and thus to the partial pressure in the chamber. There is also a challenge in
having as high a sputtering rate as possible and still have a fully stoichiometric
compound on the substrate, i. e. the growing film should be fully reacted while the target
should be in the metallic mode [97]. In order to achieve that, process control is in many
cases necessary, due to the hysteresis and instability of the process. In principle, it is
possible to get rid of the hysteresis by increasing the pumping speed so that the getter
pumping from the surfaces becomes comparatively small. Then the transition from
metallic mode to compound mode becomes smooth and no high speed control is
necessary [99,100]. However, for large vacuum chambers, used for industrial
applications, the pumping speed requirements become extensive and therefore expensive.
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Therefore, process control is an important part of reactive sputtering processes, both for
controlling film stoichiometry and for maximising the sputtering rate.

Several ways of controlling the sputtering process have been used [95]:
—Separation of the reactive gas from the target by mechanical means such as slits or
baffles.
—Pulsing of the reactive gas flow, so that the target periodically cycles through the
metallic mode and the compound mode.
—Target voltage or current can be used for control, since plasma conditions vary with
target composition [95,101].
—The partial pressure of the reactive gas can be measured by a differentially pumped
mass spectrometer and the reactive gas flow controlled by feedback.
—The optical emission from the plasma can also be used for monitoring the partial
pressure and used for feedback control of the reactive gas flow.

The method of using optical emission from the plasma for control is the method used in
two articles included in this thesis and is therefore described in more detail here. The
optical emission method has been used by several authors [95,100,102,103]. One
advantage of the optical emission method over mass spectrometry is the faster response
time, which is important when controlling the process in the unstable transition region. In
the plasma there are several characteristic optical emission lines, originating from the
decay of excited atoms and molecules (and atomic and molecular ions). When sputter
depositing for instance TiN, the emission from N2 (e.g. from excited N2

+ ions) can be
used to probe the partial pressure of N2 and emission lines from Ti to probe the Ti
sputtering rate [104]. The optical emission lines are conveniently probed with an Optical
Multichannel Analyser (OMA) equipped with an optical fibre for directly probing the
plasma through a viewport in the chamber. An example of a set-up is shown in
Chapter 4. The OMA is essentially a spectrometer with an array of diodes as detector.
This enables simultaneous read out in real time of emission lines at different
wavelengths. The intensity of the emission peaks (e.g. Ti) can be used as feedback for
controlling the reactive gas flow via a computer control program (PID regulation
system). This makes it possible to control the sputter deposition process also in the
unstable transition, or hysteresis, region. With this type of control, it is possible for the
process to follow closely to the solid curve in Fig. 3.7, as described in the modelling
section below. Without the process control it is not possible to reach stable operating
conditions in the transition region.

Modelling

We have seen that the sputtering process is quite complicated. To vary all the parameters
to evaluate the behaviour of the sputtering process experimentally takes a long time. If
one has access to a reliable model, computer simulations can be used in order to get an
understanding of the process. One such model for predicting the reactive sputtering
process has been developed by Berg et al [105,106]. This model is based on basic gas
kinetics and consists of a number of steady-state balance equations, and it has been
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shown to agree well with experimental findings [107,108]. The model has also been
modified for the case of reactive sputtering with two different targets [109] and two
reactive gases [110]. For details, the reader is referred to other sources [91,111].

Figure 3.7. Schematic drawing of the sputtering model illustrating the gas flows and material flows. See
text for explanation of symbols. After [91].

The basic parameter when modelling the reactive sputtering process is the fractional
surface coverage, Θ. This is the fraction of a surface area covered with a compound.
1–Θt, is then the fraction covered with unreacted target material (in most cases a metal).
The basics of the sputtering model are schematically shown in Fig. 3.7. Here At is the
target area and As is the collecting surface area, i.e. the area of the substrate and the
chamber walls receiving sputtering material from the target. Θt is the fractional coverage
of the target surface and Θs is the fractional coverage of the collecting surface. The

parameter J represents the argon-ion current at the target surface.

The incoming reactive gas flow, Q, can be separated into three different parts Qt, Qs and
Qp. Here, Qt is the part gettered by the unreacted target area, Qs is the part gettered by
the collecting surface area and Qp is the part pumped away by the vacuum pump of the

system. The reactive gas is thus either pumped out or consumed at the target and
receiving areas. Indicated in the figure is also the flux of sputtered target metal and
sputtered compound material to the collecting surfaces. The model then basically consists
of one balance equation for the gas flow and one balance equation for the material flow.

In Paper I an extended model is applied to a reactive sputtering process with two targets
and used for comparison with experimental results. In Paper II another extended model is
used for studying reactive sputtering of a material with two different compound phases
(CrN and Cr2N).
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Figure 3.8. Reactive gas partial pressure vs. reactive gas flow (top) and sputtering rate vs. gas flow
(bottom) calculated with the sputtering model described in the text. The behaviour without partial pressure
control is indicated by the dashed lines. After [91].

The behaviour of the sputtering process is illustrated in Fig. 3.8. The dashed lines
indicate the behaviour if no feedback control is available and the reactive gas flow is
changed. When going from zero to higher reactive gas flow, the target starts in metallic
mode until at a certain flow rate it "avalanches" over into the compound mode. The
points P1 and P2 indicate this transition. Similarly, when going from a high reactive gas
flow to a low value a transition from compound target mode (small Θt) to metallic mode

takes place at P3 to P4.

The region between the dashed lines is called the hysteresis region or transition region
and operation along the section P1 to P3 is generally not possible. However, if partial
pressure control is applied, it is possible to operate following the solid line. The process
is then set for a certain partial pressure, P, (or sputtering rate) and the mass flow of
reactive gas, Q, is adjusted through a regulation system until steady state is reached.

The reason for the instabilities at P1 and P3 is basically due to the fact that the getter
pumping from the collecting area, Qs, and the target, Qt, are dependent in a non-linear

way on the partial pressure of the reactive gas, P [91]. This can be seen in the following
way: Qs is large as long as the target covering, Θt, is small, i.e. as long as a large fraction

of metal is sputtered from the target. Therefore most of the reactive gas in the chamber is
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consumed at the target and collecting surfaces, At and As respectively, and the partial
pressure, P, will stay small, see Fig. 3.7 and 3.8. As Θt increases, more compound and
less metal is sputtered away from the target and the getter pumping, Qs, will decrease. At
the pressure P1, the balance conditions change drastically. A further increase in Q will
increase P and consequently Θt will increase. A larger Θt also means a lower sputtering

rate and in turn lower gas consumption. Both these effects co-operate in driving the
process to the next stable point P2. A similar argument can be used going in the other
direction from higher to lower gas flows [111].

As can be seen in Fig. 3.8, in the hysteresis region there are three possible values of the
partial pressure for each value of the gas flow (two if partial pressure control is not
applied) depending on the history of the sputtering process. It can be added that process
parameters close to P1 are often advantageous for high rate reactive sputtering since it is
possible to get a stoichiometric film at the substrate at the same time as having low target
coverage which means a high sputtering rate. However, since P1 is an unstable working
point it can be hard to stay there without partial pressure control since the process easily
goes over into compound mode, P2.



4 IN-SITU THIN FILM ANALYSIS USING SOFT X-RAY
SPECTROSCOPY

As mentioned in Chapter 3, the sputtering process can be monitored and controlled by
optical emission spectroscopy (OES) of the plasma. However, it should be noted that
(OES) probes the sputtering plasma and not directly the growing film. Other commonly
used spectroscopic methods such as photoelectron spectroscopy and Auger electron
spectroscopy cannot be used during deposition due to the strong electric and magnetic
fields and charged particles associated with the sputtering plasma. SXES gives elemental
selectivity, due to the difference in core-electron binding energy, as well as chemical
bonding information, since valence electrons are involved. The SXES technique has been
used in studies by us and others for analysing the growing film in-situ during sputtering,
either by excitation with an auxiliary e-gun [112,113] or by excitation of high voltage
secondary electrons from the sputtering process [114].

4.1 Two-target sputtering

In one of the articles included in this thesis, Paper I, we made a study of the complex
behaviour when two targets of different elements were used in reactive sputtering of
TiVN. The film composition was studied when using Ti and V metal targets and nitrogen
as reactive gas. The behaviour of the process is quite complicated, as predicted from
modelling [109], and this study serves as an experimental verification for the model in
terms of film composition.

The experimental set-up, see Fig. 4.1, includes an electron gun for excitation of x-rays
and a specially designed compact soft x-ray spectrometer [115] (goes under the name
mini-grace). The spectrometer uses a grating with groove density 300 lines/mm and a
radius of 3 m, giving a resolution of about 2.5 eV in first order diffraction for the energy
range used. Two OMA:s were used, one for each target, in order to monitor and control
the process. The optical emission lines originating from sputtered metal atoms were used
as input signals for feedback control of the nitrogen flow.
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Figure 4.1. The experimental set-up for the TiVN experiment.

In Figure 4.2, the normalised sputtering rates as estimated from OMA measurements for
each target, Ti and V respectively, are shown as a function of nitrogen flow. The process
was started from zero nitrogen flow, i. e. in metallic target mode with high sputtering
rates. The sputtering rate is then set for successively lower values (higher nitrogen partial
pressure corresponds to higher nitride coverage of the target and correspondingly lower
sputtering rate as was discussed in section 3.5 and at each point the nitrogen flow is
controlled until steady state is reached.

1.0

0.8

0.6

0.4

0.2

0.0
1.41.21.00.80.60.40.20.0

Flow of Nitrogen (sccm)

 Ti
 V

Figure 4.2. The normalised sputtering rates vs. nitrogen flow rate as measured with optical emission
spectroscopy (OMA)

The difference in sputtering rate between V and Ti seen in the hysteresis region in Fig.
4.2 is reflected in the complex behaviour of the ratio between V and Ti, see Fig. 4.3. The
OMA curve reflects the fraction of V in the sputtering plasma and the SXES curve the
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fraction of V in the growing film. This fraction is defined as x if the stoichiometry of the
film is defined as Ti1–xVxNy. As the dependence of the sputtering rates of Ti and V are

different, the ratio between Ti and V shows a loop-like behaviour. It should be noted that
the SXES analysis showed that the deposited films were fully nitrided for all samples as
long as there was reactive gas in the chamber. This is probably related to the low
deposition rates in this set-up where rather small targets (1") are used.

A comparison with ex-situ measurement of the V-fraction using energy dispersive x-ray
analysis (EDS), is also shown in Fig. 4.3. The same qualitative behaviour is seen for all
the three methods: OMA-measurements of the plasma, SXES in-situ of the grown film,
and EDS ex-situ. In Fig. 4.4 results from modelling, are shown and it can be seen that the
model predicts qualitatively the loop-like behaviour of the sputtering process.

The SXES curve is formed by fitting spectra to reference spectra of Ti, V, TiN and VN
and thereby estimating the composition. The OMA curves are integrated peak areas, and
the Ti and V signals are normalised to the Ar-signal which is assumed to be constant for
the measurement series. This is done in order to compensate for deposition on the
viewports which gradually decreases the optical transmission with deposition time.

The measurements serve as validation of the sputtering model extended for two targets
and also show that the OMA measurements and the SXES measurements agree in terms
of the Ti/V ratio. They also show that SXES is a very valuable tool for analysing film
composition when co-sputtering with two targets.
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Figure 4.3. The fraction of vanadium as measured in-situ with optical emission spectroscopy (OMA), soft
x-ray spectroscopy (SXES) and ex-situ with energy dispersive x-ray spectroscopy (EDS).
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Figure 4.4. The fraction of vanadium material in the film vs. nitrogen flow from computer modelling.

4.2 Chromium nitride

In Paper II, reactive sputtering of chromium nitride was studied. Chromium nitride is a
multi-phase material which essentially exhibits two stoichiometric phases, Cr2N and

CrN. Since SXES provides chemical bonding information it enables estimations of Cr,
Cr2N and CrN contents in the deposited films. A simulation model extended for the case

of multi-phase materials was used for comparison with SXES data in terms of film
composition.

The set-up is basically the same as in the TiVN-study, with an electron gun for excitation
and a soft x-ray spectrometer for analysis of the deposited films. In the chromium nitride
study, hysteresis effects in the sputtering process were avoided by using a high pumping
speed compared to the sputtering rate of the target and therefore no OMA was needed for
process control. The flow of Ar was 100 sccm and the nitrogen flow was varied between
0 and 100 sccm. The substrate was heated to 550˚ C during deposition. After the
deposition of each film, SXES spectra were recorded in-situ in order to analyse the film
composition.

As can be seen in Fig. 4.5, the resolution of the spectrometer is sufficient for
determination of the chemical state of the Cr atoms. The transitions shown here are Cr L
lines where a valence electron fills a 2p vacancy. The spectra are here taken in second
order of diffraction, giving a resolution of about 1.5 eV. The lower part shows spectra
taken from reference samples of Cr, Cr2N and CrN respectively, and the upper part

shows a spectrum from the film deposited at 20 sccm. It is also illustrated how the film
composition is estimated from fitting the spectrum to the reference spectra in the least-
square sense. We thus get an estimation of the fraction of Cr, Cr2N and CrN in the film.
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The nitrogen flow was successively increased from 0 up to 100 sccm and for each
deposition the fraction of each of the phases was estimated. The results for different
values of the nitrogen flow are shown in Fig. 4.6. It can be seen that for low nitrogen
flows Cr dominates and for high flows CrN dominates. The maximum amount of Cr2N,

corresponding to a fraction of 0.4, is found for flows around 12 sccm. The same general
trend is seen in the simulations, but the corresponding flows are considerably lower.

The results from TiVN and CrxN studies clearly show the potential of SXES as a tool for

in-situ studies of sputtering deposition processes. The method can be used to monitor and
analyse the deposited film in situ, and can also be used during sputtering with the
potential of feedback and control of the deposition process. The resolution with the fairly
compact instrument we have used is clearly high enough to allow chemical analysis of
the deposited films.

300295290285280275
Emission energy (eV)

 Cr
 Cr2N
 CrN

 

 20 sccm N2
 0.24Cr + 0.17Cr2N+0.59CrN

 

Figure 4.5. Cr L-emission for different phases. The reference spectra are shown (lower part) and a least
squares fit of a typical spectrum to estimate the fraction of different phases. (The spectra are recorded in
second order of diffraction but the energy scale refers to first order diffraction.)
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Figure 4.6. The fractions of Cr, Cr2N and CrN vs. nitrogen flow from SXES. The lines are added as a
guide for the eye.



5 ANGULAR DEPENDENCE OF SOFT X-RAY EMISSION

There are a number of related x-ray techniques using either grazing incidence or grazing
exit geometry for enhanced surface sensitivity and/or related to depth profiling. A few of
these techniques will briefly be mentioned here. Among the grazing incidence techniques
can be mentioned x-ray specular reflectometry, x-ray diffuse scattering, total reflection
x-ray fluorescence (TXRF) and grazing incidence diffraction. The grazing exit
techniques include grazing exit x-ray fluorescence (GEXRF) using photon excitation and
grazing exit x-ray emission spectroscopy (GEXES) using electron excitation, which is
the technique we have used in our studies. All these methods use the effect of
enhancement of surface sensitivity below the critical angle of total external reflection for
x-rays. In section 5.1 an overview of different related techniques are given, and in section
5.2 results from grazing exit studies of layered samples are presented. In section 5.3, a
more general background to the effects we observe is given.

5.1 Related grazing angle techniques

5.1.1 Grazing incidence techniques

X-ray specular reflectometry was used in 1954 by Parratt to study surface oxidation
[116]. The technique has grown in popularity since then and can be used to determine
layer thickness, surface and layer density profiles and surface and interface roughness
[117]. The technique is treated in several reviews, see for instance [118-122] . The x-ray
and neutron reflectometry techniques are compared in [117,122]. X-ray specular
reflectometry has been used at soft x-ray wavelengths for monitoring layer thickness in
the production of multilayer mirrors for soft x-ray applications [123].

A complementary technique is x-ray diffuse scattering [117], which can be used to probe
surface roughness and determine different parameters such as correlation lengths,
fractality and correlation between roughness at different interfaces. Recent reviews of the
technique can be found in [118-120]. Diffuse scattering has been used, for instance, to
characterise the interface roughness from multilayer structures [124]. It has also been
compared with non-specular scattering in the EUV region (using normal incidence) for
the characterisation of surface and interface roughness of multilayer mirror coatings
[125,126].
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In grazing incidence diffraction (GID), the diffraction from surface and interface layers
can be studied. By using grazing incidence the signal from the surface is enhanced and
the crystallographic structure in the surface layer can be determined [120,121]. The
technique has been used to study the structure of, for instance, Al-GaAs interfaces [127-
129]. Varying incidence angle has also been used for determination of structural depth
profiles of different crystallographic phases [130,131].

There are a number of related techniques combining spectroscopy and grazing incidence
geometry. The most commonly used technique is total reflection x-ray fluorescence
(TXRF) where hard x-rays from an ordinary x-ray tube or from a synchrotron radiation
source are used for excitation in grazing incidence below the critical angle of reflection,
thereby achieving surface sensitivity. The fluorescent radiation is most often detected at
normal or near normal exit from the sample. The detector can be energy dispersive or
wavelength dispersive. The reason to use grazing incidence (total reflection) is to obtain
higher surface sensitivity, which means the background from the substrate will be lower
and that the detection limit of a substance can be enhanced. TXRF is used for trace
analysis of particles on a flat substrate or for chemical analysis of surfaces. For more
information on TXRF, there are several recent reviews and books on the subject
[118,132,133]. In the semiconductor industry TXRF has become a standard technique for
trace analysis of surface contamination of silicon wafers [118,134]. There are even
dedicated synchrotron beamlines for such purposes where detection limits for transition
metal atoms of 5·108 at/cm2 have been reported [135,136]. The combination of TXRF
and imaging using an x-ray sensitive CCD camera for x-ray fluorescence imaging of a
surface has been reported recently [137].

X-ray standing waves have also been used for surface and interface studies. The
interference between the incoming and reflected x-ray beams creates a standing wave in
the sample and the intensity of the electric field thus varies with depth. By varying the
angle of incidence the interference pattern will change and so will the intensity as a
function of depth in the sample. In this way the intensity at a specific layer or interface in
the sample can be optimised and consequently the fluorescence from that layer or
interface [138,139].The technique of creating a standing wave has also been used for
studying fluorescence from surface impurities and adsorbed surface layers [140-142].
Recently, an extension of standing waves in thin films for waveguide applications has
been proposed [143].

There are also other spectroscopic techniques which are used in combination with
grazing incidence [121]. Grazing incidence X-ray photoelectron spectroscopy has been
used for the determination of electron mean-free path values and optical constants [50].
Recently this technique has been used for the thickness determination of semiconductor
oxide layers [144]. In soft x-ray emission studies of surface adsorbates, surface
sensitivity was achieved by using synchrotron radiation in grazing incidence [145].
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5.1.2 Grazing exit techniques

Another way of achieving surface sensitivity is to use grazing exit geometry. In this case
only the part of the radiation which is emitted in grazing angles is detected. The grazing
exit and grazing incidence techniques are related to each other by the optical reciprocity
theorem [26].11 The equivalence between grazing incidence and grazing exit was
demonstrated experimentally in 1983 by Becker et al [147] by studying fluorescence
from a Ge crystal. Since then there have been a number of studies in this field. Bokx and
Urbach have presented a wavelength dispersive spectrometer for grazing exit x-ray
fluorescence (GEXRF) with an x-ray tube as excitation source [148]. The spectrometer
uses crystals and multilayers as dispersive elements and was used in the soft x-ray region
to study the angular dependence of Fe L-emission (≈700 eV). They have also published a
direct approach for calculating the angular dependence of emission intensity, without use
of the optical reciprocity theorem [149]. Their model is based on an asymptotic plane
wave expansion, allowing for a direct solution of Maxwell's equations for the intensity
from a radiating point source in a layered sample. This model is discussed more in detail
below in section 5.3.

Using a synchrotron source and high angular resolution Noma et al. [150] showed that
there is a similar interference effect as in grazing incidence also in GEXRF, another
indication of the equivalence of grazing incidence and grazing exit conditions. The
combination of grazing incidence and varying grazing exit angle have been used for
depth profiling of a Co/Ti bilayer on Si [151]. By varying both the grazing incidence and
exit angles Tsuji et al. studied an Au/Si interface [152]. The combination of a
microfocused (5 µm) synchrotron x-ray beam and grazing emission was used for surface
analysis with spatial resolution [153].

GEXRF has also been used complementary to TXRF for the analysis of contamination
on silicon wafers and for the trace analysis of for instance environmental samples
[154,155]. Wavelength-dispersive detection, which is an advantage when analysing the
softer x-rays of low-Z elements (Z < 14), can easily be used in combination with grazing
exit angles. A combination with electron probe microanalysis for simultaneous spatial
and surface resolution has been used for surface and particle analysis [156,157].

In the soft x-ray region, varying grazing exit angle has been used in x-ray fluorescence
studies of oxidation of transition metals [158,159]. The authors considered self-
absorption only, ignoring refraction effects, in the angular dependence of the Lα/Lβ
intensity ratio for the determination of oxide layer thicknesses.

5.1.3 X-ray emission studies using electron excitation

In electron excited SXES, the energy of the exciting electrons can be varied in order to
increase the surface sensitivity [160,161]. When lowering the energy the excitation depth

                                                
11 The reciprocity theorem stems from the microreversibility/time invariance of physical processes
[12,146].
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becomes smaller [162]. This was used by Szasz and Kojnok [161] for depth profiling of
an Al2O3 layer on Al using a diffraction grating SXES spectrometer and for the studies of
metal ion implantation profiles in Si [163]. This method, however, has the disadvantage
in that the ionisation cross section becomes lower with lower energy and so does the
intensity of the emission. In addition, for SXES in-situ studies during deposition, there
can be an experimental problem in using lower electron energies at deposition processes
since the mean free path decreases with decreasing energy. Another way of varying the
probe depth is to vary the incidence angle of the incoming electrons. This method has
been employed in depth profiling studies of a NiSi2 layer on Si [164]. A recent review on
solid interfaces studied by electron excited SXES can be found in [163].

5.2 Grazing exit studies on layered samples

Measurements on a layered sample of Fe/V/Cu on a Si-substrate

In one of the studies included in this thesis, Paper III, the angular dependence of the soft
x-ray emission from a layered sample was studied. The experimental set-up is shown in
Figure 5.1. An electron gun was used for excitation, providing electrons of energy
3.5 keV. The excitation depth was considered the same throughout the measurement and
the angle of the sample was varied in such a way so that the emission in different angles
from the sample could be measured. The energy resolution of the spectrometer was about
2.5 eV at 400 eV (in 1st order), and the angular resolution about 0.5˚ in the present set-up.

Figure 5.1. Schematic drawing of the experimental set-up.

In order to study the information depth, a layered sample with different elements in
different layers was prepared by sputtering. The sample layers consisted of
Fe 50Å/Cu 100Å/V 100Å/Si. Typical spectra for two different grazing exit angles are
shown in Figure 5.2 a). The spectrum at 2.5˚ grazing exit angle is recorded below the
critical angle of total external reflection and is dominated by the signal from the top Fe
layer. The spectrum at 20˚, on the other hand, is taken above the critical angle and at this
angle characteristic x-ray lines are seen from all the layers. This indicates that there is a
large difference in depth sensitivity for the different angles. The elemental separation of
the x-ray lines enables us to monitor the angular variation of the emission intensity from
the different layers. This is shown in Figure 5.2 b). The intensity for each angle is the
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integrated area of the emission line. The Ll, η (3s–2p) transitions were used in these

studies since the optical constants are more easily determined for these transitions than
for the Lα,β (3d–2p) transitions which are closer to the absorption edges where the

tabulated scattering factors are more uncertain [30], see section 2.3.
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Figure 5.2. a) Spectra below (2.5˚) and above (20˚) the critical angle illustrating the difference in
information depth at different angles. b) The angular variation (measured data only) for the
respective Ll-emission of the different elements in the different layers.

Results on Fe/V/MgO samples with varying top layer thickness.

In another study, Paper IV, the angular dependence of the emission intensity was
investigated when varying the thickness of the top layer. Three different layered samples
with the same elemental composition, X Å Fe/100 Å V/MgO were studied, where X was
of thickness 25, 50 and 100 Å respectively. The aim was to study the influence of the top
layer on the angular emission "profile".

The experimental set-up was similar to the one used in Paper III except that a
spectrometer with higher resolution was used (Grace). The resolution in first order with
this spectrometer was about 0.8 eV in the energy window used, and the angular
resolution was estimated to be around 0.12˚.

In Fig. 5.3 spectra for the case of 50 Å thickness of the Fe top layer are shown. We see
again that the spectrum at θ = 2.5˚, which is below the angle of total reflection, is
dominated by the top layer Fe signal and that the spectrum at θ = 14˚ contains
contributions from both the Fe-layer and the deeper lying V-layer, as well as from the
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MgO-substrate. The V L-lines are recorded in 1st order, the Fe L-lines in 2nd order and
the Mg K-lines are seen in 3rd and 4th order.
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Figure 5.3. Spectra taken at different angles illustrating the difference in information depth. The V-
L peaks are recorded in 1st order, the Fe-L peaks in 2nd order and the Mg-K peaks are seen in 3 rd and
4th order.
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Figure 5.4. Angular variation of the V Ll-emission from the V-layer for different top Fe-layer
thickness. All curves are normalised at 20˚. Markers represent measurements and lines represent
calculations.
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Figure 5.5. The angular variation for the emission from the top Fe-layer. Markers represent
measurements and lines represent calculations.

In Fig. 5.4 the angular dependence of the intensity of the emission from the V-layer is
plotted for the different samples. The intensity is the integrated peak area of the V Ll,η
(3s–2p) transition. The lines in the figure represent calculations with the MUREX code,
based on Fresnel formulas specifying the optical constants and the thicknesses for the
different layers. The program is base on the recursive formula by Parratt [116] In Fig. 5.5
the angular variation for emission from the top Fe-layer is shown. The intensity is the
integrated peak area of the Fe Ll,n (3s-2p) transition, and lines are again calculated data.
The calculated data in Fig. 5.4 and Fig. 5.5 are multiplied by a 1/sin(θ) function in order
to compensate for the fact that the spectrometer sees a larger area at smaller angles. Both
the measurements and the calculations are normalised at 20˚.

The trend is that a thin layer shows a sharp peak around the angle of total reflection and
that a thicker layer shows a more smeared out profile. The difference between the
different thickness profiles can be explained in terms of absorption in the top layer, and a
more detailed discussion is given below.

Erratum

In the preparation of this summary errors in the calculations presented in Paper III and
Paper IV were discovered. This means that some of the results and corresponding graphs
have to be revised, in accordance with the new (correct) calculations. The error in the
calculations was due to the fact that the program used in the calculations, MUREX [165],
was designed to be used with the anomalous (forward) scattering factors,
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f 0 = Z + ′ f (ω ) − i ′ ′ f (ω) , as parameters, whereas we used the atomic  (forward)

scattering factors, f 0 = f1 − if2  , given in the tabulations by Henke et al. [30], see
Chapter 2. This results in an error in the real part of the refractive index, 1–δ, used in the
calculations. The corrected results are given in Fig. 5.4 and Fig. 5.5 . In Fig. 5.2 only
measurement data are presented.

Since the measurements and the calculations were normalised with respect to the peak
structure corresponding to the critical angle, θc, which is affected by a change in δ, the

measurement data presented in Paper III and Paper IV are given with an incorrect angle
scale. The angles given here in the corrected Fig. 5.4 and Fig. 5.5 are the angles
estimated from intensity to be the correct absolute values. The error in the measured
absolute angle is estimated to be within ± 2˚. The other difference is that the ratio
between β and δ changes, which means that the forms of the curves are changed slightly.
This, however, does not change the qualitative results and the calculations are now found
to agree much better with the measurements.

5.3 Discussion

The angular dependence can be discussed in terms of the different optical constants for
the different layers and application of Fresnel formulas.

Reflection and transmission

At x-ray frequencies the phase velocity of electromagnetic radiation exceeds c by a small
amount, since n < 1. Thus an x-ray wave will increase its wavelength when passing an
interface from vacuum to another solid material. When the angle to the substrate
becomes very small, so that the direction of the incoming beam is almost parallel to the
surface, the phases of the shorter wavelength vacuum wave and the longer wavelength
wave in the medium can no longer match along the interface. The only way of matching
is then an exponentially damped, evanescent wave in the medium, propagating along the
interface but exponentially damped perpendicular to the interface. This is reflected in
Snell's law which describes the phase matching between the different waves in a
quantitative way.

Snell's law relates the incoming and refracted angles and can be derived from the phase
matching at the interface, see Fig 5.6:

ki,x = kt ,x ⇒ 1 ⋅ cos(θ ) = n ⋅ cos(θt ) (5.1)

from which we can derive the following relation

nsin(θt) = n2 − cos2θ . (5.2)
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Here θ is the grazing angle of incidence and ki,z = ki sin(θ) and kt,z = kt sin(θt) are the

perpendicular components of the wavevector of the incident and transmitted waves, see
Fig. 5.6.

The reflection and transmission at a perfectly smooth interface are given by the well-
known Fresnel formulas [26], based on Maxwell's formulas and the continuity of the E
and H fields across an interface. The Fresnel amplitude transmission and reflection
factors which are related to the fields on either side of the surface are given for the case
of a plane wave in vacuum impinging on a medium with refractive index n:

  

ts = Et

Ei
=

2ki,z

ki,z + kt ,z
= 2sinθ

sinθ + n2 − cos2 θ

rs = Er

Ei
=

ki ,z − kt,z

ki ,z + kt ,z
= sinθ − n2 − cos2 θ

sinθ + n2 − cos2 θ

(5.3)

where we have used Snell's law, Eq. (5.2), in the second step. The case for polarisation
perpendicular to the plane of refraction (s-polarisation)12 is given here. The relations for
parallel polarisation, p-polarisation, are similar and can be found for instance in [26].
Since n is almost unity for x-rays, in practice there is very little difference between the s
and p-polarised cases, and in the following only the s-polarised case is considered.

Figure 5.6. Schematic picture of the reflection and transmission at an interface between vacuum and
a medium with n < 1 for the case of s-polarisation.

The Fresnel reflection factor, Rs = rs
2 , and the Fresnel transmission factor, Ts = ts

2  are

shown in Fig. 5.7 and Fig. 5.8 respectively for various β/δ ratios. Rs shows the expected
total reflection below the critical angle of total reflection, θc, given by cos(θc) = n from
Snell's law. It is seen that the reflection is less than total for finite β, and that for β/δ = 1,
the total reflection effect has disappeared. The transmission factor shows a pronounced
maximum for angles around θc. This is related to the fact that the reflected and

transmitted waves add in phase at this angle, since the phase shift for the reflected wave
is zero for reflection against an optically less dense medium (for the case of β ≈ 0) [119].
This peak in the transmittance is, as we shall see, important for the angular properties of

                                                
12 s is from the German word senkrecht meaning perpendicular or vertical, c. f. Swedish sänke, lod.
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x-ray emission for grazing exit angles around θc. This is the background to the prominent

peak close to the critical angle. It should be noted though that Fig. 5.8 does not show the
energy transmittance, and an analysis using the Poynting vectors shows that the energy is
conserved, so that the energy transmittance still does not exceed unity.
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Figure 5.7. The reflectance for grazing angles around the critical angle of reflection for different
ratios of β and δ.
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Figure 5.8. The Fresnel transmission factor for grazing angles around the critical angle of reflection
for different ratios of β and δ.

Angular dependence—calculations

The angular dependence of the emission can be explained by looking at the reciprocal
situation, namely the grazing incidence case, where the transmission from a wave in
vacuum into the medium is considered. As was mentioned earlier, Becker et al. verified
this approach experimentally [147]. The calculations are then carried out as if an
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absorption experiment had been carried out, considering an imaginary source at the
position of the detector. Assuming a plane wave incident on the sample, the field inside a
multilayer can be calculated using recursion formulas [116]. The program used in our
studies, MUREX [165], uses such an approach. There is an approximation in the
recursion formulas for small angles, sin(θ) ≈ θ, which can be justified up to about 15˚,
but is a source of errors above that angle. However, this should not affect the results
qualitatively since the most interesting range is below 15˚.

Below the critical angle of total reflection the refracted angle, θt, becomes imaginary

corresponding to an imaginary k in the z-direction:

kz =
2π
λ

nsin(θt) =
2π
λ

n2 − cos2(θ)

where the last step follows from Snell's law, Eq. (5.2). Since the critical angle is given by
cos(θc ) = n , it follows directly that kz is imaginary for θ < θc. This imaginary k

corresponds to an evanescent wave that propagates along the interface but is
exponentially damped in the z-direction. This means that a wave impinging on the
surface at a smaller grazing angle than θc will penetrate only the evanescent wave region,

corresponding to a depth of about 50 Å in the wavelength range used here. In an ideal
case without damping, β = 0, the evanescent wave, will not transport any energy in the z-
direction, and this is also seen in the total reflection properties, Fig. 5.7. For finite β,
however, energy will be dissipated in the evanescent field so that kz will have also a real

part, and there will be a finite energy transport in the z-direction [13]. This is also seen in
the reflectance properties, see Fig. 5.7, in that the reflectance is less than total below θc
for finite β.

The reciprocity theorem now states that the grazing incidence and grazing exit cases are
similar so that for an exit angle below θc only emission from a layer corresponding to the

evanescent wave region is seen by the detector. Thus, the penetration depth in the grazing
incidence case and the information depth in the grazing exit case are the same.

From the plane wave equation, E = E0e
i(kr−ωt ) , it can be seen that the intensity decays as

I = I0e−2Im(k z )z .

and from this equation it is seen that the depth at which the intensity has decreased to 1/e
times the intensity at the surface is given by

z1 /e =
1

2 I m (kz )
, (5.4)

that is, the 1/e penetration depth.

For small angles, θ ≈ 0˚, the penetration depth, Eq. (5.4) is given by the decay of the
evanescent field in the medium and becomes approximately,
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z1 /e (0) ≈
λ

2π 2δ
= δ =

2π
λ

reNat f1
   

   
=

const

Nat f1

where the definitions are as given in Chapter 2. The penetration depth for the evanescent
wave thus becomes smaller for higher density and larger f1. Typical values are found in
Fig. 5.9 for the case of vanadium and iron to be around 40 Å. As f1 can bee seen as the
number of effective free electrons at a certain wavelength it follows that, Natf1 ≈ Neff. el.,

the number of effective electrons per unit volume. The penetration depth for the
evanescent wave region can thus be interpreted as an effective screening length for the
field, similar to the Debye screening length [12].
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Figure 5.9. The penetration/information depth vs. angle. The case of vanadium and iron at a
wavelength 27.8 Å (V Ll) is shown.

For larger grazing angles, the penetration depth is given by the linear attenuation

(absorption) coefficient, µ =
4πβ
λ

. The penetration at normal incidence is thus given by

the linear absorption length

z1 /e (90˚) =
1

µ
=

λ
4πβ

.

At large angles, θ >> θc , the penetration depth is to a good approximation given by the

geometrical projection of the linear absorption length:

z1 /e (θ) ≈
sinθ

µ
(5.5)
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This approximation is valid as long as refraction can be neglected as is seen from the use
of the incidence angle, θ, in the expression. For illustration, Eq. (5.5) is plotted together
with the correct expression, Eq. (5.4), in Fig. 5.9. From this example it is seen that Eq.
(5.5) is a valid approximately for angles, θ ≥ 3θc , i. e. for these angles refraction effects
can approximately be neglected. We briefly mention that the penetration depth at θ = θc

can be shown to be given by [13] z1 /e (θc) ≈ λ
2π β

.

Angular intensity profiles

Neglecting multiple reflections, the intensity of emission generated in a surface layer
ranging from z=z0 to z=z0+d is given by [149]

I(θ) = const ⋅ t 2e−2Im( kz )(z−z0 )ps(z)dz
z0

z0 +d

∫ (5.6)

where ps(z) is the emission intensity at depth z. The two first factors in this integral is

ts
2 , the Fresnel transmission factor for the surface interface and e−2Im(kz )(z−z0 ) ,

corresponding to the attenuation of radiation generated at a depth z along its path to the
surface, z0. In the derivation of Eq. (5.6), Urbach and de Bokx [149] considered the
direct problem of a source in a thin layer and the detector in vacuum, and used
asymptotical plane wave expansions for the solution.

It is somewhat surprising that the factor ts
2 , the Fresnel transmittance factor for

refraction from vacuum into the medium, is involved in the result and not the
transmission factor from the medium into vacuum. As has been pointed out [149] the
occurrence of this factor in the solution of the direct problem is an illustration of the
reciprocity theorem. In Eq. (5.6) multiple reflection effects was not considered. If the
absorption in the layer is not too high there will also be interference effects due to
multiple reflections at the interfaces which should then also be taken into account.

The multiple reflection effects are actually illustrated by the results in the emission from
the V-layer, Fig. 5.4 since the peak at 4.5˚ corresponds to the angle of total reflection of
the MgO-substrate. This is possible since the V-layer has a slightly larger index of
refraction than the MgO-layer for the wavelength used. This was simulated with
calculations, using different values of the index of refraction for the MgO-substrate so
that the total reflection angle changes. The peak then changes position and disappears for
refractive indices equal to or larger than the refractive index for V.
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Figure 5.10. Illustration of the angular variation of the emission from layers of different thickness
from MUREX calculations. The data is presented relatively to the critical angle and are normalised
at θ = 3θc. Left and right panels show different ratio between β and δ.

The influence of β on the angular emission profile is shown in Fig. 5.10 where
calculations are shown for layers of varying thickness and for β/δ = 0.01, left panel, and
β/δ = 0.2, right panel. The differences are an effect of the difference in self absorption for
different β. This can be seen by comparing with the penetration depth in Fig. 5.9.
Another interesting feature is the differences between different depths in the case without
absorption. For larger depths, less of the "tunnelling" phenomenon, the emission for
angles less than θc, is seen This corresponds to a larger fraction of the emission coming

from depths larger than the evanescent wave penetration depth. Fig. 5.10 can be
compared with the results presented in Fig. 5.4 and 5.5. For instance the case of 100 Å in
Fig. 5.4 shows the influence of the absorption in the Fe-layer that is on top. The
variations in Fig 5.5 for different top layer thickness show the same trends as in Fig.
5.10, left panel.

5.4 Summary

In summary the angular variation properties in soft x-ray emission can be seen as the
reciprocal of the reflection properties; a small grazing angle corresponds to high
reflection and a short penetration depth into the sample—this then corresponds,
reciprocally, to a small information depth in emission.

The variation in information depth can, in principle, be used for depth profiling, although
the information depth changes very rapidly with angle around θc, so a high angular

resolution is then needed. As we have seen, Figs. 5.4, 5.5 and 5.10, there are different
angular profiles for different thicknesses, depending essentially on the absorption in the
layer, or in the layers above. This suggests that the angular profile could be used for
measurement of β for a known thickness. Since the peak position depends essentially on
the critical angle,   θc = 2δ , one could also think of using angular resolved emission as a
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method for determining δ, complementary to or instead of reflection measurements. The
same deficiencies as with reflection measurements such as the influence of surface
roughness and surface contamination are likely to be present in emission since the peak
structure around θc is largely dependent on the sample/vacuum interface (i. e. the

surface) properties.

For a wavelength dispersive instrument, such as the concave grating instrument we have
used, with a relatively small angle of acceptance, it is furthermore an advantage to use
grazing exit angles in that the match between the spectrometer acceptance and the spot
size in most cases becomes better. As an example, the instrument we have used typically
has an acceptance angle of 7 mrad. If the sample-slit distance is 20 mm, the spectrometer
then "sees" a spot size of 0.15 mm. If the electron beam excites a spot of 1 mm, the
sample should be tilted to a grazing exit angle of 0.15 rad ≈ 8.5˚ for the spectrometer to
see the whole spot.13  Another way of obtaining matching with the spectrometer
acceptance is to use a microfocused electron beam (or photon beam) for excitation. When
using electron excitation, a more spread out excitation can sometimes be advantageous,
however, since this decreases the risk for sample damage. For intensity reasons alone it is
also interesting to note that the intensity is highest around θc.

                                                
13 In our studies we used a smaller angular acceptance of 0.12˚ for angular resolution reasons, and a spot
size of approximately 4 mm, corresponding to an optimum tilt angle as low as  10 mrad ≈ 0.6˚.



6 ALUMINIUM AND NICKEL OXIDE FILMS STUDIED
WITH SOFT X-RAY SPECTROSCOPY

6.1 Anodised aluminium oxide

In Paper V, some results on anodised aluminium oxide films are presented.

Aluminium oxide films have important technical applications. They can be used as
protective coatings on reflector plates and porous aluminium oxide films can be used as a
matrix for metallic particles with the application as selective coatings for solar absorbers.

In this study the Al Lα,β emission from different Al2O3 coatings, non-porous, porous and

Ni-pigmented porous were compared. Both synchrotron radiation and electron emission
excitation were used. Since the Al Lα,β emission spectra in Al2O3 and Al are

characteristically different, the emission spectra can give information about the chemical
state of aluminium. The different samples show different character. The non-porous and
the Ni-pigmented samples show oxide character, whereas the porous oxide film shows a
superposition of oxide and metallic character. Measurements at different exit angles
show that the metallic Al-signal either comes from the substrate or from deep-lying
particles in the film. Different possibilities such as an enhanced substrate signal by oxide
pores acting as waveguides are discussed.

6.2 Nickel oxide for electrochromic applications

In this section some preliminary results on x-ray absorption studies of NiO will be
presented.

XAS was used to study reactively sputtered NiO-films [166] for electrochromic
applications. The films are polycrystalline and have a relatively small grain size (about
20 nm) as shown from x-ray diffraction measurements [166,167]. The films are sputtered
on glass substrates precoated with a conductive ITO-layer. The film thickness is about
200 nm.

Two different samples were compared; one sample which was highly absorbing in the
visible, here called coloured, and one almost transparent in the visible, here called



70

transparent. The coloured sample was prepared by exposing the sputtered film to UV-
light in air atmosphere. The UV-light produces some ozone, which is suspected to react
with the film. Especially, reactions are suspected to take place at the grain boundaries.
The transparent samples were prepared by exposing the deposited films to UV-light in
Ar-atmosphere [167].

The absorption measurements were carried out at MAX-lab, beamline I511, using total
electron yield (TEY) and photon yield (FY) techniques, see Chapter 3. The TEY-
measurements were performed by measuring the sample current from the conductive
ITO-layer, and the FY measurements by using a channeltron with a negative bias voltage
to repel electrons. As was mentioned in section 2.1, XAS probes the unoccupied LPDOS.
It should be noted however, that there is a core-hole in the final state, and we are
therefore not probing the ground state.

The results are presented in Fig. 6.1 and Fig. 6.2. Absorption scans of the O K-absorption
edge is shown in Fig. 6.1 and scans of the Ni L-edge in Fig. 6.2. The measurements are
normalised to the incoming intensity.

570560550540530520

Photon energy (eV)

 NiO_transp_O1s_TFY
NiO_coloured_O1s_TFY
NiO_transp_O1s_TEY
 NiO_coloured_O1s_TEY

Figure 6.1. Fluorescence yield (TFY) and electron yield (TEY) measurements of the O K-
absorption edge.
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Figure 6.2. Total electron yield measurements of the Ni L-edge.

The most prominent feature in the spectra is the pre-peak at 528 eV in the O absorption
spectra, Fig 6.1. This peak is present in the coloured sample, but not in the transparent
sample. Similar XAS-spectra for NiO doped with Li has been presented [168]. In this
system the charge compensating holes are mainly of O 2p character. A possible
interpretation for our samples is that the coloured films are slightly over-stoichiometric,
where the reactions are suspected to take place at the grain boundaries. If this is the case,
the excess oxygen introduce holes, or unoccupied electronic states, in the valence band of
O 2p character. These empty states are probably also related to the colouring in the
visible.

The spectra in Fig. 6.2 do not show such large differences between the two samples, but
the spectra can be compared with similar Ni absorption spectra of Li-doped NiO [169]
which show changes in the same direction.

The present analysis is very preliminary and a more thorough discussion will follow in a
forthcoming publication.



7 CONCLUDING REMARKS

In this thesis, various applications of soft x-ray spectroscopy have been presented. In
studies of deposition processes it is shown to be a valuable tool for analysing the growing
film in-situ. The method provides both elemental and chemical information and is
relatively insensitive to electric and magnetic fields and can therefore be used in-situ
during sputter deposition. For example, different stoichiometric phases of a compound
can be identified and monitored in-situ.

By varying the angle of detection in emission spectroscopy, depth information can be
obtained. At small grazing exit angles, for example, only emission from the surface layer
is probed. The variation in information depth can, in principle, be used for depth
profiling, although the information depth changes very rapidly with angle, so that high
angular resolution is needed to obtain such information.

The surface sensitivity of soft x-ray emission spectroscopy in grazing exit can be of great
interest per se, for instance in studies of thin film growth. For studies of deposition
processes it is of obvious importance to be surface sensitive when monitoring the
deposition process. The probe depth of the analysis technique should preferably be
smaller or at least of the same order as the film deposition rate. The time scale for
feedback is then short and the analysis method can be used for real-time monitoring of
the film growth, and even as feedback for controlling the process; perhaps not for
controlling the reactive sputtering process as such, but when choosing the correct
working point. Further development is needed for actually applying the SXES in-situ
during deposition, but since it actually probes the growing film the method has a great
potential for such applications.

Soft x-ray spectroscopy was also applied for studies of anodised Al2O3 films for solar
absorber applications and for studies of electrochromic NiO-films. The results from the
x-ray absorption studies of electrochromic NiO show the potential of the method for
studying the electronic structure of these materials.
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