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1 Introduction 

1.1 Motivation and Valorisation of Lithography 
This research project is for an important part motivated by required know-how for 
innovations in photolithography, a technique that uses radiation to imprint patterns and 
circuits. The collaboration between science and industry provides an atmosphere in which 
fundamental steps in e.g. material and surface science and photochemistry go hand in 
hand with commercial application. The continuous R&D on photolithography enables the 
printing of ever finer features. Following Moore’s prediction as formulated in 1965, the 
number of transistors in a state-of-the-art integrated circuit has roughly doubled every 
second year to tens of millions nowadays, improving their performance and energy-
efficiency while reducing cost per function. The imaging resolution or critical dimension 
(CD) that can be printed in a lithography process is described by the Rayleigh equation 

 
, (1) 

 
where a reduction of process parameter k1 relates to increasing production efforts and 
costs. The numerical aperture (NA) or optical dimension of the last (objective) lens 
element can be increased but quadratically decreases the depth of focus, the distance over 
which a sharp image can be realized. When the depth of focus becomes unacceptably 
small for practical applications, equation (1) implies that the only practical solution to 
realize chips with smaller feature dimensions is to use radiation with shorter wavelengths 
(λ). The depth of focus only decreases linearly with lower λ. 
 
At the start of this research project, ICs were produced by optical projection lithography 
using deep-ultraviolet (DUV) radiation with wavelengths of 248 and 193 nanometer1. 
Using a wavelength of 248 nm enables line widths of 80 nm, while by using a 
wavelength of 193 nm it presently appears possible to reach the 45 nm technology node 
with single patterning2. To reduce k1 below 0.3 for these wavelengths, double patterning 
techniques that involve a sequence of two separate exposures of the same photoresist 
layer using two different photomasks have emerged3. With the economical crisis in mind, 
double patterning is currently being explored to extend the resolution capability of 
currently available state-of-art 193 nm lithography tools4. Although it is believed to 
enable resolutions below 30 nm and postpone the need to address the technical challenges 
of next-generation lithography technologies5, double patterning requires recurrence of the 
costly and time-intensive lithography cycle, resulting in a high Cost of Ownership (CoO) 
and a limited commercial potential6.  
 
The lithography and semiconductor industry are in the process of identifying and 
exploring new lithographic technologies that can carry the miniaturization further. 
Potential successors, known as “Next Generation Lithographies” (NGL’s), include soft x-
ray-, ion-beam, and electron-beam projection lithography. Extreme UV lithography 
(EUVL, λ = 13.5 nm) is the leading NGL technology7 and the main innovative project of 
ASML and Carl Zeiss SMT, as well as the Japanese companies Canon and Nikon. The 
use of light at a wavelength of only 13.5 nm provides many solutions for IC 
manufacturing. The EUVL product roadmap of ASML envisions resolutions of 27 nm 
with NA = 0.25 in 2010, 22 to 16 nm with NA = 0.32 over 2012 and 2013, and 11 nm 
with NA > 0.40 in 20156. The research described in chapter 7 and 8 brings lithography for 

NA
kCD λ

1=

1 
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λ = 6.7 nm significantly closer8,9, enabling even smaller resolutions10. EUV lithography 
may in many respects be viewed as a natural extension of DUV lithography and 
simultaneously takes optical projection lithography a major step forwards. Some 
fundamental differences between the two technologies make simple technology transfers 
from visible light and DUV lithography to EUV lithography a substantial challenge. Most 
differences occur because the properties of materials in the EUV portion of the 
electromagnetic spectrum are very different from those in the visible and UV wavelength 
ranges and strong absorption of EUV light occurs even in ambient air. This means that 
besides a vacuum lithography tool environment, reflective multilayer optics instead of 
transmissive lenses make their appearance in lithography.  
 
After several earlier projects in the context of the Sixth Framework program, the 
European Commission has funded the three year More Moore research program in 2003 
with a budget of 23.25 million euro. It was led by ASML and involved tens of academic 
and research institutes and companies. Aim of the project was to meet the technical 
challenges of EUVL so the technology could timely be introduced for volume 
production. During the course of the program, ASML has directly contracted Carl Zeiss 
SMT AG for the required industrial know-how and actual production of the optical 
elements. Carl Zeiss SMT AG has outsourced the development of the scientific know-
how of the reflective multilayer coatings to the nanolayer Surface & Interface (nSI) 
department at FOM Rijnhuizen in an industrial partnership program (IPP) named “X-ray 
Multilayer Optics” (XMO). In the frame of this contract, the research described in this 
thesis focuses on the multilayer surface region and contributes to several major objectives 
in making EUVL commercially viable. These include improvement of the EUV 
throughput and the lifetime of the optics by means of a protective “capping layer”11,12,13 
and a novel in-situ surface cleaning technique14.  
 
A most eminent example of valorisation of the research in nSI is found in the successful 
realization of two demonstration projection lithography tools, currently used by end-
customers to familiarize and obtain hands-on experience with the EUVL technique15. 
Coating process development in nSI has been advanced to the high level required for 
industry purposes, and as a result nSI has actually been responsible for coating 
approximately half the optics used in these demonstration tools. As a result of the 
successful learning curve achieved using the first generation EUVL demonstration tool, a 
next generation of pre-production tools has now been ordered. This requires multilayer 
optics of various dimensions with improved high reflectivity lifetime; an issue that by the 
research on capping layers is thoroughly addressed in this thesis. Coating technology 
developed by nSI has now been successfully transferred to partner Carl Zeiss SMT AG, 
where a deposition setup based on an original nSI design is used for commercial 
production of multilayer coatings. Further valorization of the research can be found in 
additional projects that are running or are being set up, including “ACHieVE” (through 
SenterNovem), the Medea+ project EAGLE, and the Catrene project EXEPT, all 
involving nSI for fundamental research in multilayer optics and interaction with photons, 
plasma, and their environment as presented in this thesis. 
 

1.2 Reflective Multilayer Optics 
From the visible 380 < λ < 750 nm light towards λ = 13.5 nm Extreme Ultra-Violet 
(EUV), the refractive indices (n, with a real part 1-δ) of materials practically go to unity. 
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The distinct transparency of e.g. glass for visible light due to photons that cannot excite 
electrons does not occur for more energetic EUV radiation. The optical contrast with air 
or vacuum that enables the use of transmissive lenses or single reflective interfaces as 
optical elements for the visible light diminishes at EUV wavelengths. This limits the 
reflection (R) at normal incidence for any single interface to sub percent levels, while the 
transmitted radiation would typically be absorbed in the underlying substrate within a 
depth of hundreds of nanometers to several microns. The transmitted radiation can 
however again be reflected by subsurface interfaces. Adding more layers will result in a 
so-called multilayer as shown in Fig. 1. This essentially artificial Bragg crystal is a 
periodic stack of many thin layers of alternating refractive index where partial reflection 
occurs at each interface. When the period thickness (d) of the multilayer is chosen to 
fulfill the modified Bragg law 

      
  
, (2) 
 

with nint an integer and θ representing the off-normal angle of incidence, progressive 
interference of the reflections at all interfaces occurs. Note that the use of the simplified 
version of Bragg’s law is allowed here due to large θ and near-unity refractive indices. A 
basic multilayer period consists of two relatively transparent and optically contrasting 
layers of approximately ¼λ thickness. Due to the ½λ phase shift of the reflected wave at a 
low to higher n interface, the reflections at all the interfaces in the multilayer are then in 
phase16. The reflection scales quadratically with the wave amplitude and thus with the 
number of periods N. Absorption (β, the imaginary part of n), off-specular scattering and 
out of phase reflection will in practice result in lower overall reflection. Higher order 
reflections vanish quickly and can be neglected.  
 
The most important choice to be made in material 
selection is that of the spacer material. To obtain a 
maximum multilayer reflectance, this should be a 
material with an as low as possible absorption at 
the required wavelength. Absorption of photons by 
a material is usually caused by electron excitations 
and is therefore strongly dependant on the electron 
binding energies of the material, and 
discontinuities occur around the discrete excitation 
energies. Depending on the electron shell of 
interest, the discontinuity is referred to as the K-, 
L- or M-edge. The degree of absorption is also 
dependant on the material and electron density; 
low densities generally result in a lower overall 
absorption. 







 −=

θ
δθλ 2int sin

1sin2dn
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low-δ
d
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Figure 1: At each interface, the 
optical contrast causes the incident 
ray to refract and partially reflect. 

θ

Mono-
chrome 
radiation



12 Chapter 1: Introduction  

 

  
 
Selection of the second material should be based on a maximum difference in n, 
specifically in δ. Large differences in β also contribute to reflection at the interface, but 
higher β values yield lower penetration depths, and this reduces the maximum number of 
layers (Nmax) that contribute to overall reflection. The overview of optical properties for 
EUV in Fig. 2 reveals the particular suitability of amorphous Si in combination with Mo. 
The comparatively high optical contrast optimizes the reflection per interface and reduces 
the minimum amount of layers (Nmin) needed for a target reflection. For a reference 50 
period Mo/Si EUV multilayer mirror, record reflections of 69.5% have been achieved in 
the nSI department at FOM Rijnhuizen17,18, compared to an absorption limited theoretical 
maximum of 74%. In the λ = 6.7 nm region that is considered in this thesis8,9, the values 
of δ and β are smaller and Nmax and Nmin increase. At least 200 periods of B4C and La are 
required to achieve reflectivities over 40%. Limiting the reflectivity and widely discussed 
in this thesis are the chemical reactivity and diffusion at the interfaces. 
 

1.3 Multilayer Research 
Magnetic reflective multilayers, first reported in 194019, have led to breakthroughs in 
magnetoresistance20,21 and novel applications based on oscillatory interlayer exchange 
coupling22. But more importantly, they have led to a novel understanding of thin film 
physics, including surface free energy driven (surfactant-mediated) thin layer growth, 
diffusion and compound formation at interfaces, etc. Non-magnetic multilayers are often 
used as reflective or transmissive (filtering) optics in EUVL as well as in astronomy and 
in medical applications. These applications generally share the fundamental requirement 
that the multilayers have (often atomically) sharp refractive index profiles, and that they 

Figure 2: The δ and β overview for several materials at λ = 13.5 nm, revealing the
suitability of amorphous Si (a-Si) and Mo for application in reflective multilayer optics 
for this wavelength. 
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remain inert against surface chemistry and interlayer formation. Development of 
multilayer optics for these applications therefore generally requires a fundamental 
understanding and sub-nanometer manipulation of the physics and chemistry that 
dominate the processes at interfaces and surfaces. 
 

1.3.1 Layer and Interface Growth 
When one material is deposited on another material, differences in lattice parameters can 
result in stress at the interface. In the case of Mo and Si, this so-called growth stress will 
result in the occurrence of tensile stress for a Mo-fraction (Γ) larger than 0.5, while 
compressive stress will occur for Γ < 0.5. Since for optimum reflection a Γ of 0.4 is 
required, relaxation of the compressive stress will result in substrate deformations at 
levels unacceptable for EUV applications. In the case of vapor deposition, this can be 
compensated by several periods with Γ > 0.5 underneath the actually reflecting 
multilayer23,24,25. 
 
Important reasons that the 74% theoretical reflection limit is not reached in practice are 
the 5-10% lower than bulk densities, the roughness of layer growth and diffuseness at the 
Mo/Si interfaces. The average diffuseness is of atomic dimensions (~0.3 nm) but 
nevertheless causes diffuse reflection at the cost of specular reflection. Surface roughness 
can effectively be smoothened by means of noble gas ion polishing of the deposited 
layer. The kinetic energy Ek of the ions will add to the mobility of surface atoms that can 
result in a smoother lateral repositioning. The effect is very much dependant on Ek, the 
ion to atom mass ratio, and the incidence angle. Besides smoothening surface roughness 
and increasing the layer density, surface bombardment using noble gas ions also changes 
the stress and degree of crystallization inside the layers, especially when applied on the 
polycrystalline Mo layer26. As discussed previously, relaxation of the stressed layers 
yields distortions in the substrate, and ion polishing is therefore in practical application to 
the Mo/Si multilayers only applied on the surface of the Si layer, optimizing the layer 
properties. 
 
Since Si has a higher surface energy than Mo, interfaces where Si is deposited on Mo 
yield less segregation and diffusion than vise versa27,28,29,30,31. The difference in 
crystallinity of the Mo and Si layers further adds to this asymmetry. With reflectometry 
and x-ray photoelectron spectroscopy (XPS), we observe formation of kinetically 
favorable silicide interlayers with intermediate optical properties11,12,32. The enthalpy of 
interface formation (∆Hinterface) describes the interaction between layers. We observe in 
chapter 3 that the endothermic ∆Hinterface of the Mo substrate layer with the Au and Cu 
capping layers yields insufficient adhesion and island growth. The growth of a Ru 
capping layer on a Si substrate layer as investigated in chapter 5 results in a broad 
interface gradient. It has been proven with a Fourier multilayer reflection theory that 
interface gradients reduce the reflectivity33. Applying a diffusion barrier at the Ru/Si and 
Mo/Si interface can reduce the intermixing and thereby compensate the effect of reduced 
interface sharpness. Following the results that are described in chapter 6, MoB was found 
to be a chemically and optically attrictive compound material and has been patented for 
this purpose34. A more commonly used material that we investigated in chapter 6 and 
shows interesting features is B4C12,35,36. It is also used as spacer in the B4C/La optics for λ 
= 6.7 nm, as described in chapter 7 and 88,9,37. Chapter 8 also reveals the improvement 
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that can be achieved with nitridation to BN and LaN in these optics, of which the 
application has also been patented10. 
 

1.3.2 Surface chemistry 
The main focus of the research described in this thesis relates to the multilayers surfaces. 
Several physical and chemical processes are accelerated by the photo exposure of the 
multilayer to high EUV fluxes in the oxygen containing lithography tool environment. 
These processes include e.g. diffusion and oxidation, rendering Mo and Si unsuited for 
multilayer surface protection. Many capping material candidates have already been 
tested, among which a passivated Si surface38,39,40,41. From a kinetic perspective, the 
binding energy is however too low to prevent bond breaking by EUV photons. Another 
possibility is a metal layer that can withstand the EUV radiation. Numerous metals in a 
range of layer thicknesses have been studied as a part of this thesis, revealing that some 
actually increase oxidation of the underneath Mo13. Selection of a suitable material and 
layer thickness is essential not to lower initial reflectivity by more than a few percent and 
simultaneously prevent further deterioration under EUV illumination42,43,44. 
 
A common problem besides oxidation is the fact that metals often catalyze hydrocarbon 
dissociation by secondary electron emission - especially during EUV illumination - 
resulting in a carbon contamination covering the surface. The thickness of the 
contamination layer will attenuate the standing wave in the multilayer and reflect out of 
phase, consequently influencing the overall reflection. To balance the effects of surface 
contamination and oxidation, a higher oxygen partial pressure could be allowed, resulting 
in “burning away” part of the carbon contamination. This effect is confirmed by Low 
Energy Ion Scattering (LEIS) measurements performed by Calipso that are presented in 
this thesis14. We have shown that the carbon contamination at the investigated metal caps 
can be chemically eroded by atomic O exposure, after which the oxidized cap can be 
fully reduced to metallic state by subsequent atomic H exposure14. 
 

1.4 The Contribution of this Thesis 
One of the most strenuous and ambitious goals in the XMO program is to further increase 
the multilayer peak reflectance from 63% to 68%, enabling a more than 100% increase of 
the optics throughput, and to simultaneously improve the effective lifetime from 300 to 
30.000 hours. It has become clear that especially the latter improvement calls for a 
nanometer thin protective capping layer on top of the already highly perfected Mo/Si 
multilayer optics45. The capping layer should protect against oxidation and be non-
destructively cleanable from carbonaceous contamination that physisorb and dissociate 
under the enormous radiation fluxes of the EUV source. The physical and chemical 
phenomena occurring in the surface region have therefore been an important object of 
study in this work. Chapters 5 and 6 describe new insight on chemically driven diffusion 
of capping layer material through Mo11 or B4C12, and in-depth agglomeration of capping 
material at the subsurface Si-on-Mo interface. On the basis of this research, MoBx was 
found to enhance both the chemical stability and the optical contrast of interfaces, and 
was patented for the application as interface diffusion barrier46. Also nitrides can have 
favorable barrier- and optical properties in multilayer optics for EUVL and beyond, as 
will be shown in chapter 8. 
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The growth and oxidation of capping layers on Mo in relation to their thickness is 
investigated in chapter 3. We observe sacrificial oxidation in the interaction of the 
capping layers and the Mo substrate layer13. The findings could readily be applied in the 
rapidly growing field of nano-devices to control oxidation that would render electronics 
useless. Contamination, oxidation, and cleaning of the surface are further studied in 
chapter 4. The investigations reveal a significantly improved atomic oxygen and 
subsequent hydrogen surface cleaning technique to remove the problematic carbonaceous 
contamination and oxidation14. This technique is adaptable to a wide range of nano-
devices and could even have spin-offs to the more or less reversed process of photo 
dissociation of water to oxygen and hydrogen to generate clean fuels, as currently studied 
at Rijnhuizen in the new research theme ‘physics for energy’. 
 
Chapters 7 and 8 describe our research on reflective multilayer optics that include 
combinations of B or B4C with metals such as La, Th and U8. Our studies on diffusion 
and surfactant-mediated growth of nitridated B4C/La interfaces9 have resulted in a 
patented invention10 that enables a major increase of peak reflectance and bandwidth. 
This makes future application of the optics soft x-ray lithography and free electron lasers 
for λ < 7.00 nm realistic. We are currently carrying out further experiments on the optics 
lifetime at the X-FEL free electron laser in Hamburg, Germany. With the latest results of 
this research and the patent in the portfolio, a project on multilayer optics for this 
wavelength region has recently been initiated. 
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2 Experimental 

2.1 Thin Layer Growth 
The multilayers that have been investigated in this thesis were deposited in a UHV thin 
film deposition facility. At FOM Rijnhuizen, two deposition facilities are currently in 
use; the Multilayer Coating facility (MUCO) and the Advanced Deposition Coating 
facility (ADC). Both systems are based on the same principles, with the ADC having 
slightly different in-situ deposition and additional in-vacuo analysis facilities. In both 
coating facilities, the deposition takes place in ultra high vacuum environment, with the 
MUCO facility schematically shown in Fig. 3. Deposition sources are used to evaporate 
or sputter from a deposition target onto a substrate holder which rotates to average over 
deposition flux instabilities. The film growth can be monitored by an in-situ x-ray 
reflectometer and an array of quartz mass balances. An ion source can be used to supply a 
large area, low energy, ion beam for thin film surface treatment. The various components 
used in the deposition process are described in more detail in the next sections. 
 

 Figure 3: Schematic overview of the MUCO deposition facility. 

 2
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2.1.1 Magnetron Sputter Deposition 
To achieve deposition of composite materials, magnetron sputter deposition is commonly 
used. In a magnetron tube, a cathode emits electrons that migrate towards a circular 
anode that surrounds the cathode. A magnetic field perpendicular to the moving electrons 
causes the electrons to assume a circular motion, lengthening their path in a confined 
area. The gas led into the tube is then ionized by electron impact to create a plasma. The 
ions produced in the magnetron tube accelerate towards the negatively biased target 
surface. When accelerated ions collide with target atoms, their kinetic energy can break 
bonds and sputter target atoms. The ions impinging on the target will also cause emission 
of secondary electrons, which in turn are accelerated away from the target by the electric 
field, ionizing more gas atoms upon collision and sustaining the discharge. The 
deposition rate can be up to a few nm/s for some materials, with an adatom energy of 
typically tens of eV or more, but these values are dependant on e.g. the choice of gas and 
plasma power. The ADC employs magnetrons with DC power supplies that can be pulsed 
up to 100 kHz for materials with insufficient conductivity. Non-conducting materials can 
be sputtered by magnetrons with RF power supply. 
 

2.1.2 Physical Vapor Deposition 
Another common way to deposit an atomically thin layer of material on a substrate is to 
create a vapor. Vaporization can be achieved by an electron gun. The impact point of the 
electron beam on the target is swept over the target surface area to assure a homogeneous 
melt and evaporation.. The deposition rate of the electron beam evaporation process can 
fluctuate since the vapor pressure is highly dependent on small changes in temperature 
and morphology of the target that occur over time. The substrate is shielded from the 
target by a shutter, which is opened when a stable flux is achieved. The shutter is again 
closed when the required layer thickness is achieved. For conventional thermal 
evaporation, the adatom kinetic energy generally is below 0.5 eV, determined by the 
vapor pressure and surface temperature of the material and not adjustable. The low 
energy minimizes crystallization and damage to the previously deposited film. A 
drawback is the lower mobility for lateral distribution, resulting in rougher, stochastic 
growth and a lower layer density. Several compounds dissociate before evaporation and 
can therefore result in off-stochiometric growth conditions. Depending on required layer 
growth conditions, vapor or magnetron deposition is chosen for layer growth. 
 

2.1.3 Ion Bombardment 
Deposited layers can be smoothened by increasing the mobility of the surface atoms via 
high energy noble ion bombardment. At a given energy, heavier ions such as Kr+ have a 
smaller mean free path, thereby limiting distortion of the subsurface interface. Besides 
smoothening by lateral repositioning, the ion beam can also smoothen the film via 
physical sputtering due to preferential sputtering of surface adatoms. For chemical 
passivation of surfaces and interfaces, also non-noble gasses can be ionized, like in the 
case of B4C/La nitridation as described in chapter 8. The ions are produced in a 
Kaufmann discharge chamber that is bound by pole pieces and anodes on the sides and an 
accelerator system that covers the downstream end of the chamber. Bombardment of 
electrons supplied by a filament cathode ionizes the gas. The magnetic fields between the 
pole pieces shield the anodes, forcing the electrons to follow lengthy paths before 
reaching the anodes and increasing the probability of ionizing collisions with the neutral 
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gas atoms in the discharge chamber. The ions produced within the discharge chamber 
move with near equal probability in all directions. The ions that collide with the anode or 
other discharge chamber surfaces are lost and recombine with free electrons at those 
surfaces and then reenter the discharge chamber as neutral atoms. Ions reaching the 
downstream end are accelerated through the apertures in the negative accelerator grid. 
The accelerated ions form the directed beam of energetic ions. A neutralizer can be used 
to provide electrons to the positive ion beam, when charging of a target is undesirable. 
The neutralizing electrons are readily distributed within the beam’s conducting plasma to 
give a near uniform beam potential for most operating conditions. Beam analysis is 
performed with a Faraday cup or Retarding Field Analyzer. 
 

2.2 Characterization 

2.2.1 Quartz Crystal Microbalances 
During deposition, the rate and 
layer thickness are monitored 
by off-center positioned quartz 
crystal microbalances (Fig 4). 
Their working is based on their 
mass dependant resonant 
oscillation frequency. 
Calibrating for mass density, 
the frequency derivative during 
layer deposition and etching is 
an accurate measure of the 
growth and etch rate. They are 
also sensitive to heat changes 
in their environment, including 
those from magnetron  PVD 
and ion sources, limiting their 
applicability for absolute 
thickness measurements with 
resolutions beyond ~10-2 nm. 
 

2.2.2 Mass Spectrometry 
Mass Spectrometry covers a wide range of techniques with different applications that 
characterize the mass-to-charge ratio (m/q) of charged particles. It is as such very suited 
to quantify the vacuum conditions in the deposition setup and the desorption of volatile 
species from a surface. Particles trapped in the nozzle are ionized and partially 
dissociated by either electron impact ionization (EI), field ionization (FI), or chemical 
ionization (CI). Dissociation can help to identify to original molecule. EI occurs by a 
highly energetic primary electron, usually generated from a tungsten filament.  FI 
removes the electrons from any species by interaction with an intense electrical field. CI 
forms new ionized species when gaseous molecules interact with ions. Selection by m/q 
usually occurs in quadrupole or magnetic sector analyzers that use oscillating field 
selectively stabilizing only certain m/q ions to reach the electron multiplier tube or 
Faraday cup. Single focusing magnetic sector analyzers focus a circular beam in a path of 

Figure 4: The rotatable ADC substrate holder with 
three mounted Si substrate wafers. The four quartz 
crystal microbalances are visible towards the sides. 
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180, 90, or 60º. The ions are spatially separated due to their different mass-to-charge 
ratios. In double focusing analyzers, an electrostatic analyzer is added to separate ions 
with different kinetic energies. The MUCO, ADC, and atomic H and O exposure 
chamber as employed in chapter 4 are all equipped with a quadrupole mass spectrometer. 
In chapter 4 we perform desorption spectroscopy to monitor for e.g. hydrocarbons, H2O, 
CO2, and volatile metal oxides that can desorb from the surface during atomic H and O 
exposure. 
 

2.2.3 Reflectometry 
More extensive optical characterization of the multilayer is possible with ex-situ λ = 
0.154 nm Cu-Kα reflectometry. For that purpose, the detector is placed 2θ off axis of the 
source beam line and the specular reflection is measured for variable θ angles (Fig. 5a) 
This defines the scattering vector perpendicular to the surface plane and identifying 
changes in optical density along that vector. Following the modified Bragg law in 
equation (2), interference peaks at the specific grazing angles reveal the layer thickness, 
density, and interface diffusiveness. At higher diffraction angles, smaller distances are 
probed and enable the characterization of the atomic lattice structure of crystalline phases 
inside the layers. 
 
More extensive optical characterization of the multilayer is possible with ex-situ λ = 
0.154 nm Cu-Kα reflectometry. For that purpose, the detector is placed 2θ off axis of the 
source beam line and the specular reflection is measured for various θ angles, which 
defines the scattering vector perpendicular to film planes and identifies changes in optical 
density along that vector (Fig. 5a). Since the beam is partially reflected at each multilayer 
interface, interference causes a strong angular dependence on the reflection. Following 
Bragg’s law in equation (2), interference peaks at the specific grazing angles reveal the 
layer thickness, density, and 
interface diffusiveness, while 
analysis of the broader spectrum 
range enables detailed study of 
crystallites1. The technique was 
mainly used in chapter 7 and 8 to 
study the layer and interface 
properties of the novel B4C/La 
multilayers. To further study 
changes in optical density along 
the surface, e.g. interface 
diffuseness and surface 
roughness, the diffuse reflection 
is measured in a ω-2θ scan. 
Having the detector at a fixed 2θ, 
the sample is laterally rotated 
(“rocked”) to measure a range of 
diffuse scattering angles (Fig 5b). 
 
Cu-Kα reflectometry at λ = 0.154 nm is able to provide detailed information on the 
internal structure, periodicity, and roughness of layered structures. In addition, 
reflectance measurements performed at 13.5 nm wavelength using synchrotron radiation 

Figure 5: a) In the θ-2θ scan, specular reflection for 
various angles is measured during a θ-sweep of 
source and detector. b) During a ω-2θ scan, source 
and detector are at fixed position while the multilayer 
is “rocked”, thus measuring diffuse scattering. 

a  

 
b   
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sources are used to ultimately link the structural information obtained from other analysis 
techniques to the device performance at 13.5 nm and normal incidence geometry. 

2.2.4 Low Energy Ion Scattering 
Low Energy Ion Scattering (LEIS) is based on the energy analysis of probing noble gas 
ions after elastically scattering from substrate atoms at the surface monolayer (Fig. 6). 
Depending on their mass ratio (mr) and the scatter angle (θ), the initial energy (E0) of 
typically 0.5 - 20 keV is partially transferred from the incident ion to the target atom. The 
energy retained (E1) follows from conservation of momentum and energy in an elastic 
two-body collision; 
 

2

1

2
22

01    ;
1

sin1cos
m
mm

m
mm

EE r
r

rr =













+
−+

=
θθ , (3) 

 
and with the mass of the probing ion (m1) and θ known in an experimental setup with 
fixed ion source and detector, the mass of the target atom (m2) is directly obtained. The 
ions that penetrate the target beyond the surface atomic layer have a high neutralization 
probability. When they scatter deeper in the bulk and are reionized, they will appear in 
the LEIS energy spectrum as background with an energy loss that relates to their travel 
distance. Although particularly suited for elemental analysis of the surface monolayer, 
LEIS can thus also be used for in-depth studies of e.g. diffusion2. The probing depth 
further increases for medium and high E0 (MEIS and HEIS), at the cost of surface 
sensitivity. 
 
For optimum sensitivity and discrimination, the probing ions should be approximately 
40% of the target atom mass. For the analysis of carbon contamination in chapter 4, 3He+ 
is most suited, which can also be used for oxygen and silicon identification with a 
detection limit in the order of 1%. For higher Z elements, primary 20Ne+ can yield a 
detection limit up to 10 ppm. The 
elemental sensitivity is determined 
by mass and nuclear charge of both 
primary ion and target atom, as 
well as the energy levels of 
especially the inner-shell electrons 
of the target atom. In general, it 
does not differ more than a factor 
of 10 for a given primary ion. LEIS 
has specific sensitivity for the 
surface monolayer, which is of 
interest for contamination studies 
of capped multilayers as presented 
in chapter 4. 
 

2.2.5 X-ray Photoelectron Spectroscopy 
XPS is because of its physical and chemical characterization ability the main technique 
employed in this thesis. It was developed into an analytical tool in the mid 1960s by Kai 
Siegbahn et al. who won the Nobel prize for it. The technique is based on the 
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Figure 6: LEIS, with surface monolayer sensitivity. 
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photoelectric effect discovered by Heinrich Rudolf Hertz in 1887 and further described 
by Albert Einstein, for which he won the Nobel prize in 1921. By irradiating a sample 
with monochromatic soft-ray photons of energy hν, photoelectrons (e-

p) are generated of 
which the original binding energy Eb in its atomic orbital can be retrieved via 
 

skb EhE Φ−−= ν , (4) 
 
with Ek the kinetic energy of the e-

p and Фs the spectrometer work function (Fig. 7a). 
With hν and Фs known, Eb follows directly from measurement of Ek and should be 
regarded as the energy difference between the initial and final states after the 
photoelectron has left the atom. There are several final states of ions for every element 
with each a certain photoelectric cross-section (σ), and all but the s orbital become split 
upon ionization, yielding doublet peaks with a fixed ratio between the peak area. 
Different elements can have spectral peaks that overlap, e.g. the Ru3d5/2 and C1s peak. In 
our extensive studies of Ru and C, quantification was possible by considering the Ru3d3/2 
peak area. The area follows from the number of photoelectrons per second of specific Ek, 
given by 
 

ATynfI λσϕ= , (5) 
 
with f the source flux, φ an angular efficiency factor for the instrumental arrangement 
based on the angle between e-

p and the photon path, y the efficiency in the photoelectric 
process for formation of e-

p of the normal Ek, λ the e-
p mean free path in the sample, A the 

area of the sample from which e-
p are detected, and T the detection efficiency for e- 

emitted from the sample. The combined terms make up for the atomic sensitivity factor 
(S) from which quantification of the number of atoms per unit area (n) is possible through 
peak area fitting. 
 
With the atomic 
orbitals identified, not 
only the elemental 
constituency and 
concentration but also 
their chemical state 
can sometimes be 
determined in the 
probing depth of 
typically 5 to 7 nm. 
The latter feature 
arises from differences in chemical potential and electronic polarizability of compounds 
that cause a chemical shift of the photoelectron peaks in the spectrum. We exploited this 
feature extensively in our research, by monitoring the peak shifts from their elemental 
value, in relation to the Fermi level. Especially for this analysis, care should be taken to 
prevent sample charging. The spectrum can also feature Auger, shake-up, energy loss and 
valence lines and bands as well as multiplet splitting that result from - and can provide 
information on - variations in the relaxation process. For imperfectly monochromated 
sources, x-ray satellites and ghost lines can be visible in the spectrum that complicate the 
analysis. Upon creation of a core level hole, the electron relaxation process can also yield 
x-ray fluorescence (XRF), as shown in Fig. 7b.   

Figure 7: The basic principle of XPS (a), XRF (b) and AES (c). 
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To obtain non-destructive depth resolution within the probing depth range, in chapters 3 
and 4 we performed Angular Resolved XPS (ARPES) between 27° and 64° off normal 
detection. The measurements are modeled to a homogeneous layered system3 using the 
factor θλ cos

z

e
−

 from the depth distribution function that relates the detection angle θ via 
the attenuation length4 λ to the sampling depth z. In the case of non-homogeneous layer 
growth, the set of conditions as described by P. J. Cumpson3 is not fulfilled and the 
modeling can result in estimated layer thickness and in-depth distribution errors of up to 
several nanometers5. 
 
Further in-depth characterization is possible by repeatedly etching the surface and 
recording the XPS spectrum. We use low energy (0.5 keV) Ar+ at 45° incidence to reduce 
ion beam induced intermixing and forward sputtering to determine the in-depth 
distribution and compound formation in the multilayers. The penetration and possible ion 
mixing depths of the used 0.5 keV Ar+ sputter ions at 45° incidence are ~1.6 nm in Si, 
~1.3 nm in B4C, and ~0.7 nm in d-metals like Mo and Ru6. Considering the ~0.7 nm 
inelastic mean free path of the photoelectrons, the calculated ion mixing components are 
minor to moderate. Differences in sputter efficiency and electron escape depths for the 
different materials can result in quantification errors of specific materials. The effect is of 
negligible influence for the in-depth analysis performed in chapters 5 and 6, considering 
the focus on the surface composition, and not on the multilayer periodicity. 
Compensation via the known as-deposited ratio was therefore not carried out. We 
verified that the observed diffusion was kinetically favored by further reducing the ion 
energy to 0.25 keV and annealing the sample in specific cases. 
 
The approximate multilayer profile can be reconstructed using the atomic mixing and 
information depth component from the mixing-roughness-information depth (MRI) 
model7. With a calculated atomic mixing (gw) of 2 nm and an information depth (gλ) of 3 
nm in linear approximation for a B4C/La multilayer, we can in chapter 8 e.g. model a 0-
100% interface gradient of 1 nm, leaving pure B4C and La layers of ~0.6 and 0.8 nm 
thickness respectively. 
 

2.2.6 Auger Electron Spectroscopy 
An electron vacancy in the core shell will be filled by a higher shell electron. The usually 
large energy difference between the two electron orbitals can either be released as an x-
ray photon in a process commonly known as fluorescence, or by emission of a so-called 
Auger electron (Fig. 7c). Their generation yield is higher for irradiation by several keV 
electrons than by soft x-ray photons. Auger Electrons Spectroscopy (AES) generally 
employs a monochrome field emission gun (FEG). As an electron beam can readily be 
focused, this also enables sub-µm resolution Scanning Auger Microscopy (SAM) to 
elementally map a surface area. The Ek of an Auger electron emitted during non-radiative 
relaxation can be related to the involved atomic orbitals via 

 
,       (6) 
 

with Eb, E1, and E2 respectively the core level, first outer shell, and second outer shell 
electron binding energy. Because the nature of Auger electrons solely lies in relaxation 
via electron rearrangement, hν does not appear in equation (6). The Ek and probing depth 
are lower than in XPS, which we use in chapter 5 to obtain higher resolution for in-depth 
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analysis. The Auger peaks appear on a major background of primary and secondary 
electrons, and element quantification is usually done via derivation of the spectrum and 
measuring peak-to-valley height with a dependency that resembles equation (5). Their 
shapes can give insight in the chemical state. 
 

2.2.7 Atomic Force Microscopy 
To study the morphology of surfaces, further characterization of capping layer growth is 
in chapter 3 and 6 performed with atomic force microscopy (AFM). The surface is 
probed by a tip with a radius of curvature on the order of nanometers at the end of a 
microscale cantilever. In proximity of a sample surface, forces between the tip and the 
sample lead to a deflection of the cantilever that can be measured using a laser, optical 
interferometry, capacitive sensing or piezoresistivity. Depending on the situation, 
mechanical contact, Van der Waals, capillary, chemical, electrostatic, magnetic, Casimir, 
and solvation forces can be measured with AFM. In most cases a feedback mechanism is 
employed to adjust the tip-to-sample distance to maintain a constant force between the tip 
and the sample, which is generally mounted on a moving piezoelectric tube. AFM is in 
general operated in contact or tapping mode. Surface roughness well below a nanometer 
can usually be resolved at a lateral resolution of several to tens of nanometers. AFM has 
in chapter 3 showed that high roughness and probably island growth occurs in the case of 
Au and Cu caps on a Mo substrate layer. 
 

2.2.8 Electron Microscopy and Spectroscopy 
The diffusion in multilayers is further investigated with cross section transmission 
electron microscopy (CS-TEM). A focused high energy electron beam (40 to 400 keV) 
penetrates a thin perpendicular slice of the multilayer. It contains information about the 
structure of the slice that is magnified by an objective lens system. The spatial variation 
in this information is viewed by projecting the magnified electron image onto a 
fluorescent viewing screen coated with a phosphor or scintillator material. The image can 
be photographically recorded by exposing a photographic film or plate directly to the 
electron beam, or a high-resolution phosphor may be coupled by means of a lens optical 
system or a fiber optic light-guide to the sensor of a charge-coupled device (CCD) 
camera. The resolution that can be achieved is primarily limited by spherical aberration, 
sample preparation and alignment. Spherical aberrations can be corrected to allow the 
production of images with sufficient resolution to show carbon atoms in silicon at 0.078 
nm at magnifications of 50 million times in high resolution TEM8. In our analysis, 
sample preparation is the critical step, as adhesion of the layers might be lost, and parts of 
the slice are damaged upon thinning by ions. The multilayer cross section is aligned via 
the crystalline Si substrate, allowing sub-nm analysis of polycrystallinities and interface 
diffuseness. Elemental identification can be obtained by spectral analysis of refracted and 
scattered electrons in electron energy loss spectroscopy (EELS), energy dispersive x-ray 
analysis (EDX), and elastic recoil detection (ERD). 
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3 Growth and sacrificial oxidation of transition metal nanolayers 

3.1 Abstract 
Growth and oxidation of Au, Pt, Pd, Rh, Cu, Ru, Ni and Co layers of 0.3 to 4.3 nm 
thickness on Mo have been investigated with ARPES and AFM. Co and Ni layers oxidize 
while the Mo remains metallic. For nobler metals, the on top O and oxidation state of 
subsurface Mo increase, suggesting sacrificial e- donation by Mo. Au and Cu, in spite of 
their significantly lower surface free energy, grow in islands on Mo and actually promote 
Mo oxidation. Applications of the sacrificial oxidation in nanometer thin layers exist in a 
range of nanoscopic devices, such as nano-electronics and protection of e.g. multilayer x-
ray optics for astronomy, medicine and lithography. 
 

3.2 Introduction 
In d-metal on d-metal layer growth, the d-band configuration and surface free energy 
difference are of important influence. Electrons may be exchanged to achieve an 
energetically more favorable half filled d-band with only spin up electrons. Segregation 
or islanding can occur to minimize surface dangling bonds or contact area. We will 
consider potentially stable systems where Mo, with an approximately half filled d-band 
and high surface free energy, forms the substrate layer for on top nanolayer growth of d-
metals with a range of surface free energies and oxidation enthalpies. 
 
Surface nanolayers that protect the Mo from oxidation can also have applications in 
Mo/Si multilayer reflective optics for next generation extreme UV lithography (EUVL). 
The EUV radiation penetrates and reflects from the top 50 Mo/Si periods, the effective 
maximum. The reflection from each interface contributes to in-phase EUV reflection, 
adding up to more than 70%. During EUV exposure in a lithography tool vacuum 
environment, background CxHy and H2O gases can adsorb and dissociate on the mirror 
surface. Subsequent carbon contamination and oxidation of the multilayer surface reduce 
mirror reflectance. Although the adsorption of volatile CxHy species and subsequent 
carbon contamination can be controlled by extensive outgassing of the vacuum system 
and cleaning of the mirror surface 1,2, oxidation is generally considered irreversible. To 
protect the multilayer mirror against oxidation, a thin protective “capping layer” can be 
applied at the multilayer surface. The aliphatic hydrocarbons that are observed on the 
caps can partially shield against oxidation but are not explicitly considered in this work as 
long as they don’t appear to be of serious influence. Depending on material choice and 
cap layer thickness, the theoretical reflectance (R) of a capped 50 period Mo/Si multilayer 
can vary by tens of percents. We will relate our observations on layer interaction, 
oxidation, composition, morphology and diffusion to the application of capping layers on 
Mo/Si multilayers. 
 

3.3 Experimental details 
Si, on top Mo, and capping layers were grown by e-beam physical vapor deposition 
(PVD) onto natively oxidized super polished Si substrates in a base pressure of 1·10-6 Pa3. 
Growth rates were 0.05 nm/s for Si, 0.04 nm/s for Mo, and 0.01 nm/s for the capping 
metals. A flux-shaping mask was used to deposit the capping layer with a lateral 
thickness gradient of 0.3 to 4.3 nm4, as determined with quartz crystal oscillator 
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microbalances. The samples were exposed to ambient air for several weeks and 
subsequently analyzed using angular resolved x-ray photoelectron spectroscopy (ARPES) 
and scanning Auger microscopy (SAM) in a Thermo Theta Probe with a field emission 
gun. Simplified, the ARPES measurements between 27° and 64° off normal are modeled 
to a homogeneous layered system5 using the factor θλ cos

z

e
−

 from the depth distribution 
function that relates the detection angle θ via the attenuation length6 λ to the sampling 
depth z. In the case of non-homogeneous layer growth, the set of conditions as described 
by P.J. Cumpson5 is not fulfilled and the modeling can result in estimated layer thickness 
and in-depth distribution errors of up to several nanometers7. XPS depth profiling was 
performed using 0.5 keV Ar+. An ex-vacuo Schaffer Nanosurf EasyScan 2 high 
resolution AFM was used to study the lateral material distribution. 
 

3.4 Layer growth kinetics 
The morphology of the capping layer grown on the Mo substrate is physically restrained 
by the low atom mobility for e-beam PVD that limits deviation from Gaussian 
(stochastic) layer-by-layer growth8. Influence on the morphology subsequently occurs 
chemically via Young’s equation Mo

Surface
capMo

Interface
cap

SurfaceTotal HHHH ∆−∆+∆=∆ /
9,10. 

∆Htotal ≤ 0 generally results in layer-by-layer (Frank – van der Merwe) growth, while 
∆Htotal > 0 yields island (Volmer – Weber) growth. The relation holds for each individual 
adlayer, and initial layer-by-layer growth with successive island (Stranski - Krastinov) 
growth occurs when the substrate-particle affinity is initially strong, but a lattice 
mismatch between the film and substrate introduces a strain into the growing film11. 
Individual ∆Hsurface and ∆Hinterface values can result in surface free energy driven 
intermixing even when ∆Hinterface is positive12. The segregating material will then 
agglomerate below the surface to minimize contact area. The Gibbs free energy to form 
the most stable oxide (∆Gform

O) gives an indication on the suitability of the metal as a 
protective cap against oxidation. Table I shows the ∆Hsurface, ∆Hinterface, ∆Htotal and ∆Gform

O 
for the materials involved13. 

Cap ∆Hsurface ∆Hinterface ∆Htotal ∆Gform
O 

Mo 188     -167
Co 127 -18 -79 -112
Ni 121 -27 -94 -106
Ru 174 -56 -70 -84
Cu 95 67 -26 -64
Rh 155 -59 -92 -60
Pd 124 -59 -123 -41
Pt 152 -114 -150   
Au 99 14 -75 15

 
 
For all metals in Table I, ∆Htotal < 0 when grown onto Mo, favoring layer-by-layer 
growth. While ∆Hsurface of Au and Cu are lowest of all, the positive ∆Hinterface partially 
counters wetting of the Mo and favors minimization of the contact area, i.e. Volmer-
Weber (island) growth14. Mentioned layer thicknesses hereafter are “as-deposited” and 
refer to equivalents when layer-by-layer growth would have occurred. 

Table I: ∆Hsurface, ∆Hinterface with Mo, ∆Htotal with Mo, and 
∆Gform

O at 298 K in kJ/mole of the respective metals. 
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3.5 Results and discussion 
As a reference for Mo oxidation and a measure of the protective functionality of a 
capping layer, a 2.5 nm Mo layer on a 5.0 nm Si layer is deposited without a capping 
layer. With ARPES we model that approximately 30% of the Mo oxidizes to a MoO3 film 
of ~0.6 nm thickness under ambient conditions (Fig. 8). Oxidation accelerates under 
EUV exposure in lithography tool vacuum due to H2O dissociation by secondary 
electrons1. 

 
 

 

Figure 9: Modeled ARPES results on the Au cap, with 0 nm defined as the
original Au-on-Mo interface. In the positive direction extends the cap
adlayer, in the negative direction oxidation of the Mo substrate layer. The 
calculated reflectance R for a capped 50 period multilayer is also shown.

Figure 8: Modeling of the ARPES results indicates that bare Mo oxidizes 
to a ~0.6 nm thick MoO3 layer at the surface in ambient conditions. 
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The as-deposited oxidation state of uncapped Mo is now compared to the case when a Au 
capping layer is applied (Fig. 9). As pointed out in the previous section, layer-by-layer 
and island growth compete while Au intermixture or compound formation with Mo is 
certainly not expected. 
 
Figure 9 shows that for Au layers up to 1.5 nm thick, a constant 40% of Mo is oxidized to 
MoO3, while the Au does not oxidize. Mo oxidation increases to almost 80% after several 
months in ambient environment15. Modeling of ARPES and XPS depth profiling 
measurements both indicate layer intermixture, showing equivalent amounts of Au and 
MoO3 in the top few nm’s, and a region of increased MoO3 to elemental Mo 
concentration below. It is remarkable that Mo oxidation is actually increased and 
relatively constant up to 1.5 nm Au. Au islanding or intermixture might expose Mo for 
oxidation and increase the electron escape depth, causing overestimation in layer 
thickness modeled with ARPES. With SAM we observe dots of oxygen and a somewhat 
irregular distribution of Au. Verification of suspected inhomogeneous layer growth is 
performed with AFM on the 4 nm thick Au capping layer, as shown in Fig. 10. 
 

 
 
AFM reveals surface roughness of 3.06 nm (RMS) and a peak-to-valley height of 18.7 
nm, a value much larger than the as-deposited Au layer thickness. The difference is most 
probably explained by grain boundaries, in addition to the agglomeration in islands of 
typically 100 nm in diameter that we observe in Fig. 10, acknowledging island growth. 
The activation barrier for interface formation of Au with Mo apparently hinders layer-by-
layer growth and protective functionally of Au capping layers. 
 
The next noblest metal, Pt, has the most negative ∆Hinterface with Mo of all metals 
investigated, favoring intermixture instead of island growth. A range of Pt capping layer 
thicknesses was characterized with ARPES (Fig. 11). 

Figure 10: AFM on a 4 nm thick Au capping layer
shows a significant roughness with a lateral structure 
that suggests Volmer-Weber growth. 

µm nm

µm nm
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For a Pt capping layer of 0.3 nm thickness, approximately 70% of the Mo appears 
oxidized to MoO3, even more than in the case of Au. When the Pt capping layers 
thickness is 1.0 nm, about 25% of the Mo is oxidized to MoO3, for 1.5 nm Pt this is 

Figure 12: Modeled ARPES results on the Pd cap, revealing more 
subsurface Mo oxidation than under Pd. 

Figure 11: Modeled ARPES results on the Pt cap, showing subsurface 
Mo oxidation and layer intermixture. 
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reduced to 10%. Modeling of the ARPES measurements suggests significantly thicker Pt 
layers than were deposited and complete intermixture with abundant MoO3 for up to 1.5 
nm thick Pt layers. The observation by Jeon et al.16 that Na provides additional oxidation 
sites in the Ge surface might also apply for the Pt-Mo interlayer. For Pt layers thicker 
than 1.5 nm, no Mo oxidation and no Mo at grazing detection angles are observed in 
ARPES, indicating the Pt layer is now closed. XPS depth profiling reveals a Pt/Mo/Si 
layered structure. The roughness of an as-deposited 4 nm thick Pt capping layer is below 
the AFM measurement accuracy, suggesting that no islanding indeed occurs. 
 
Pd has a moderately negative ∆Hinterface with Mo, and is expected to grow layer-by-layer 
with less intermixing compared to Pt on Mo. Fig. 12 shows the surface state as 
determined with ARPES for the different Pd layer thicknesses. When a 0.3 nm thick Pd 
capping layer is applied on Mo, ~85% of the Mo oxidizes. With a 1.0 nm thick Pd layer, 
this is approximately 50%, still more than bare Mo. The Pd does not yet appear closed 
and surface MoO3 is visible. A 1.5 nm thick Pd capping layer limits Mo oxidation to 
~30%. XPS depth profiling reveals that only moderate intermixture occurs. For thicker 
Pd layers, traces of MoO3 are visible for all but the most grazing detection angles. The Pd 
layer appears to form a closed layer at the surface in these cases. Traces of PdO are 
observed near the surface over the complete range of layer thicknesses. The observation 
that Pd promotes Mo oxidation even more than Pt is not readily fully attributed to 
creation of extra oxidation sites in the Pd-Mo interlayer, since it’s both theoretically and 
experimentally established to be thinner. We propose here that e- donation from Mo to 
the nobler Pd might occur, similar to the extensively studied Pd-H system17. In effect, Mo 
would function as a sacrificial metal and increase its oxidation state. 
 
Having the same ∆Hinterface with Mo as Pd, Rh also is expected to grow layer-by-layer. 
XPS depth profiling studies have shown that diffusion through the Mo and underlying Si 
layer and agglomeration at the Si-on-Mo interface prominently occur in the case of Rh18. 
Fig. 13 shows the modeled ARPES results for the characterized Rh layer thicknesses. 

 
Figure 13: Modeled ARPES results for the Rh cap, suggesting major
layer expansion. 
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A 0.3 nm thick Rh layer yields ~70% Mo oxidization to surface MoO3, again more than 
for uncapped Mo. A 1.0 nm thick Rh layer limits Mo oxidation to less than 10%, while 
thicker Rh layers stop it altogether. A ~0.3 nm thick Rh2O3 and on top CO film is formed 
on the Rh caps that appear significantly thicker in ARPES. 
 
Cu deposition on Mo involves similar considerations as discussed for Au on Mo. The 
highly positive ∆Hinterface obstructs layer-by-layer growth more than Au growth on Mo, 
but this growth mode is still predicted by Young’s law, due to the low ∆Hsurface of Cu. A 
range of Cu capping layer thicknesses was characterized with ARPES (Fig. 14). 
 

 
 

 
Figure 15: AFM on a 4 nm thick Cu capping layer 
shows a moderate roughness compared to Au.

µm nm

µm nm

Figure 14: Modeled ARPES results on the Cu cap, with apparent
layer-by-layer growth and oxidation of Cu and Mo. 
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With a Cu capping layer, we observe Mo oxidation over the complete layer thickness 
range as in the case of Au, although the Cu layer thickness is of more influence on the 
degree of Mo oxidation. For 0.3 nm Cu, about 50% of the Mo is oxidized to MoO3, for 
1.0 nm Cu this is ~35%. With thicker Cu layers, some 20% of the Mo is oxidized. We 
observe significant amounts of CuO near the surface with both ARPES and XPS depth 
profiling; in the thickest layers, a CuO film up to 0.7 nm is present. The CuO appears to 
effectively cover the Mo already for the thinnest Cu layers, albeit not protecting it against 
oxidation. To study the layer homogeneity, AFM is performed on a 4 nm thick Cu layer, 
as shown in Fig. 15. 
 
AFM shows a surface roughness of 0.35 nm (RMS) and a peak-to-valley height of 3.1 nm 
for an as-deposited 4 nm thick Cu capping layer. The lateral resolution of SAM is 
insufficient to reveal whether chemical inhomogeneity is present at the surface. The 
observations provide no certainty whether island growth occurs. If so, it is less 
pronounced than for Au on Mo. This is remarkable, since Au is kinetically less likely to 
grow in islands on Mo than Cu is. Possibly, Cu oxidation lowers the ∆Hinterface with Mo, 
shifting the balance. 
  
Ru is the material that is generally used as capping material for EUV multilayer 
mirrors19. Due to it’s moderate optical absorption of EUV, R is considerably higher for 
multilayers capped with Ru than with any other metal of similar thickness discussed here. 
Table 1 shows that the ∆Hinterface with Mo is similar to that of Pd and Rh. The ∆Hsurface is 
per unit area slightly higher than that of Mo. Ru was also found to diffuse and 
agglomerate at the Si-on-Mo interface18. This might allow for subsequent Mo oxidation, 
but ARPES reveals that this is not the case, as shown in Fig. 16. 

 
 

Figure 16: Modeled ARPES results on the Ru cap, with only the 0.3
nm thick layer showing slightly increased Mo oxidation compared to
bare Mo. 
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A 0.3 nm thick Ru layer allows Mo to oxidize for about 40% to MoO3, for 1.0 nm Ru and 
more, no Mo oxidation occurs under ambient conditions, nor do we identify any Ru 
oxidation, although the material is less noble than the above mentioned materials. We 
attribute this to the higher catalytic activity of Ru to dissociate and physisorb C species 
1,15. C is difficult to identify on Ru due to peak overlap in XPS, but it can protect against 
oxidation of the Ru20,21. Also the Ru appears significantly thicker in ARPES, which is an 
artifact caused by low Mo detection, possibly enhanced by the Ru diffusion that will be 
discussed in chapter 5 and 6. 
 
Kinetics especially favor Ni and Co layer-by-layer growth, given their low ∆Hsurface and 
moderately negative ∆Hinterface with Mo, as is shown in Table 1. Ni and Co yield a lower 
R and are more susceptible to oxidation than earlier discussed metals, but could still 
protect against Mo oxidation. Fig. 17 shows the ARPES characterization of the Ni caps. 

 
 
A Ni capping layer of 0.3 nm thickness already limits Mo oxidation to only ~15%, which 
is a significant reduction compared to the situations mentioned above. A 1.0 nm thick Ni 
capping layer further limits Mo oxidation to about 10%. Only trace amounts of MoO3 are 
visible when thicker Ni layers are applied. The major part of Ni itself is oxidized up to a 
0.6 nm thick Ni2O3 film as well as an increasing amount of NiO with deposited layer 
thickness. Also XPS depth profiling shows a layered Ni2O3/NiO/Ni/Mo structure for 1.5 
nm Ni that efficiently limits subsequent Mo oxidation. 
 
Figure 18 shows that similar observations with ARPES are made for Co. With a 0.3 nm 
thick Co cap, approximately 12% of the Mo is oxidized. For 1.0 nm thick Co this is ~7% 
and for thicker Co layers, virtually no Mo oxidation is observed to occur. ARPES and 
XPS depth profiling indicate mainly oxide presence at surface, the top monolayer bound 
to C, subsurface bound to Co. Co presence occurs deeper into the structure, above the 
Mo. The Co layer is closed and completely oxidized to CoO and on top a CoOx film, with 

Figure 17: Modeled ARPES results on the Ni cap, which itself is
significantly oxidized but limits oxidation of Mo. 
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x > 3. Though heavy Co and also Ni oxidation occur and R is comparatively low, very 
thin layers already limit Mo oxidation under ambient conditions considerably22, possibly 
by electrochemically acting as a galvanic coating 23,24. 

 
 

3.6 Conclusions 
A range of d-metal nanolayers, deposited on a Mo-on-Si substrate layer, has been studied 
for growth properties and protective qualities against Mo oxidation under ambient 
conditions as a function of nanolayer thickness. Nobler d-metal layers do oxidize less, but 
fail to limit Mo oxidation. These metals actually promote Mo oxidation under ambient 
conditions, compared to bare Mo. Significant surface roughness occurs for Cu and 
especially Au capped multilayers, with agglomeration in islands of typically 100 nm in 
diameter for Au, while Young’s law predicts layer-by-layer growth. The positive 
∆Hinterface of Au with Mo appears too high a barrier for layer-by-layer growth, resulting in 
oxidation of exposed surface Mo to MoO3. 
 
Thin Pt, Pd, and Rh layers strongly promote Mo oxidation. We attribute this to creation 
of additional oxidation sites in the formed interlayer. The metallic Pt, Pd, and Rh 
generally do cover the oxidized Mo, while no subsurface oxygen is observed. Due to the 
more negative enthalpy for oxidation compared to the nobler metals, subsurface Mo 
appears to act as a sacrificial metal in an e- donation process to support surface oxide, 
thus increasing its oxidation number. Rh and Ru layers of 1.0 nm and thicker grow in 
layer-by-layer mode on Mo and no oxidation of either metal occurs under ambient 
conditions. Oxidation of these catalytic capping metals is limited by on top coverage by a 
CO monolayer and (hydro)carbon species that absorb from the ambient and occupy 
absorption sites for H2O and O2. 
 

Figure 18: Modeled ARPES results on the Co cap, completely oxidized 
but even more limiting Mo oxidation. 



Chapter 3: Growth and sacrificial oxidation of transition metal nanolayers 39 
 

 

With regards to surface chemistry, special interest goes to Co and Ni capping layers. 
ARPES modeling suggests layer-by-layer growth, as predicted by Young’s law. The 
layers are completely oxidized and covered with large amounts of non-metallic oxide, 
while even single monolayers manage to largely prevent Mo oxidation. The nanolayers 
appear to strongly interact and involve electrochemical functioning as a galvanic coating. 
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4 Atomic O and H exposure of C-covered and oxidized d-metal surfaces 

4.1 Abstract 
Carbon coverage, oxidation and reduction of Au, Pt, Pd, Rh, Cu, Ru, Ni and Co layers of 
1.5 nm thickness on Mo have been characterized with ARPES and desorption 
spectroscopy upon exposure to thermal H and O radicals. We observe that only part of 
the carbon species is chemically eroded by atomic H exposure, yielding hydrocarbon 
desorption. Exposure to atomic O yields complete carbon erosion and CO2 and H2O 
desorption. A dramatic increase in metallic and non-metallic oxide is observed for 
especially Ni and Co surfaces, while for Au and Cu, the sub-surface Mo layer is much 
more oxidized. Although volatile oxides exist for some of the d-metals, there is no 
indication of d-metal erosion. Subsequent atomic H exposure reduces the clean oxides to 
a metallic state under desorption of H2O. Due to its adequacy, we propose the atomic 
oxygen and subsequent atomic hydrogen sequence as a candidate for contamination 
removal in practical applications like photolithography at 13.5 nm radiation. 
 

4.2 Introduction 
In previous work we presented a study on the growth of thin d-metal surface layers with 
different oxidation, interface, and surface enthalpies1 in a range of thicknesses onto Mo2 
and B4C3,4. Both in ambient conditions and during intense illumination in vacuum, 
background CxHy and H2O has been observed to adsorb and dissociate on the 
surface5,6,7,8, resulting in condensed carbonaceous and oxide contaminants at the 
nanolayer surface9,10,11. Atomic hydrogen exposure (AHE)12,13,14,15 and atomic oxygen 
exposure (AOE)16,17 are two viable options to selectively remove these contaminants, 
respectively via rehydrogenation, or via oxidation to volatile molecules. AHE has been 
reported to produce both metal and semiconductor surfaces entirely free of 
contamination18. It can chemically erode contaminants such as oxygen on silicon and 
carbon on GaAs19,20. The arsenic and gallium oxides are reduced to volatile species of 
elemental arsenic, gallium oxide, gallium hydroxide and water, while LEED indicates 
good preservation of stoichiometry and surface order21,22. AOE yields an aggressive 
oxidation process that can mimic photo oxidation under high illumination fluxes. We use 
desorption spectroscopy and angular resolved x-ray photoelectron spectroscopy (ARPES) 
to investigate the potential of AHE and AOE. With the study of subsequent AOE and 
AHE, we also explore the feasibility of complete and faster contaminant erosion and 
recovering the surface to a metallic state. AHE and AOE are readily adaptable to in situ 
use in ultrahigh vacuum. Applications exist in a range of nano-devices and e.g. reflective 
multilayer optics for astronomy, medicine, and Extreme UV lithography (EUVL). 
 

4.3 Experimental details 
All investigated nanolayer surfaces or “caps” have been grown onto a Mo-on-Si layer on 
natively oxidized super polished Si substrates with ~0.1 nm rms roughness in an UHV 
electron beam evaporation coater with a base pressure of 1·10-6 Pa23. Growth rates in this 
particular work are 0.05 nm/s for Si, 0.04 nm/s for Mo, and 0.01 nm/s for the other d-
metals. The deposited material mass is monitored by quartz crystal oscillator 
microbalances, which is recalculated to targeted homogeneous cap thickness equivalents 
of 1.5 nm for all materials. In case of closed layer-by-layer growth, the Mo layer is then 

4 
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protected from oxidation and the average ARPES intensity is optimal for 
identification1,24,25. Mentioned thicknesses are only an indication for the material quantity 
or average layer thickness, as several of the investigated d-metals are observed not to 
grow homogeneously onto Mo. 
 
After deposition, the samples are stored in ambient conditions for saturation with oxide 
and hydrocarbon species of the multilayer surface. This is also the state in which they 
will be mounted for application as optical elements. The samples are as such introduced 
into an exposure chamber with a base pressure of 1·10-6 Pa for 1 hour 1.0 sccm AHE to 
hydrogenate the condensed carbonaceous contamination to volatile species that desorb 
from the surface. Subsequently, 30 minute 0.5 sccm AOE is applied which should oxidize 
the remaining C contamination to volatile carbon oxides. To reduce the resulting clean 
metal oxide surface, AHE is repeated. The H2 and O2 are catalytically dissociated in a 
water cooled Oxford Applied Research TC50 thermal cracking source that produces no 
ions26,27. It is directed at the sample surface at ~70 mm distance at a 45° angle. During 
AHE and AOE, the multilayer surface temperature does not exceed 358 K and 351 K 
resp. The pressure during treatment is 3.5·10-3 Pa, the desorbing fragments were 
monitored with a Prisma QMS 200 mass spectrometer. 
 
In-depth distribution, compound formation, and chemical states before and after 
subsequent AHE and AOE were characterized with ARPES in a Thermo Theta Probe1. 
The setup is equipped with a field emission gun for secondary electron microscopy 
(SEM) and scanning Auger electron spectromicroscopy (SAM). SAM was implemented 
to provide increased lateral resolution in particular cases. Low Energy Ion Scattering 
(LEIS) measurements have been performed at Calypso in Eindhoven, The Netherlands, to 
quantify surface monolayer composition and coverage in particular cases28. 
 

4.4 Results and discussion 
As a reference for Mo oxidation, a 2.5 nm Mo layer on a 5.0 nm Si layer is deposited, 
without any protective capping layer. With ARPES we determined that approximately 
30% of the Mo oxidizes to a MoO3 film of ~0.6 nm thickness under ambient conditions 
for several weeks1. The oxide is however not self-terminating and oxidation continues 
until only MoO3 is visible by ARPES. This process also occurs under EUV exposure in 
lithography tool vacuum due to physisorbed H2O dissociation by secondary electrons12. 
The MoO3 is reduced to Mo at the surface to within ~0.5 nm depth and to MoO2 at the 
subsurface below upon AHE. The observation of surface Mo and subsurface MoO2 
suggests a two step process, where only direct interaction of H radicals with MoO3 
completely reduces it to Mo. This could then induce oxide segregation and 

23 32 MoOMoOMo →+ , leaving subsurface MoO2 unreachable for direct interaction 
with H radials. The Mo is again completely oxidized to MoO3 by AOE, but it can be 
recovered to the pre-AOE state by repeating the AHE. Since the oxidation of Mo yields 
layer degradation due to swelling, and cannot be fully recovered by AHE, the Mo surface 
should be capped by a separate capping layer with more appropriate process stability. 
 
With a deposited equivalent of a 1.5 nm thick Au capping layer, selected as a first 
candidate capping material, the major fraction of the Mo is oxidized to MoO3, with a 
Mo3d5/2 peak appearing at 232.7 eV binding energy (BE) with a full width half maximum 
(FWHM) of 1.2 eV (Fig. 19). The O1s peak appears at 530.7 eV BE with 1.5 eV FWHM. 
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The largely promoted oxidation, compared to bare Mo, can be attributed to earlier 
observed Au island growth on Mo due to an endothermic ∆Hinterface, resulting in high 
surface roughness and sacrificial functionality of the Mo1,29. The shape and position of 
the single Au4f doublet line of Au4f7/5 at 83.9 eV BE and with 0.9 eV bandwidth at 
FWHM indicates that Au is not oxidized. Modeling of a C1s peak at 284.4 eV BE which 
dominates at grazing detection angles, indicates that the surface is covered by averagely 
0.7 nm thick layer of C with mainly sp2 hybridization, assuming bulk density. It is 
chemically viable that C preferentially resides at Au instead of MoO3. AHE reduces all 
MoO3 to MoO2 and Mo in a 3:5 ratio, while the C content is some 55% lower. Observed 
CH4 and H2O desorption during AHE confirm hydrogenation of C and reduction of 
MoO3. During subsequent AOE, CO2 desorption is observed, indicating oxidation and 
erosion of remaining carbonaceous contamination. ARPES reveals no C and no elemental 
Mo beside the MoO3, while the Au remains entirely metallic. AHE reduces all MoO3 to 
MoO2 and Mo. 

 
 
With a 1.5 nm thick Pt cap layer, selected next, 10% of the Mo is oxidized to MoO3, 
which appears to be intermixed with the Pt. The surface is covered by a 0.8 nm thick C 
layer. AHE erodes half of the C and most of the O content. Subsequent AOE erodes all C 
and dramatically increases the O content, although only some 20% of the Mo is oxidized 
to MoO3. A second Pt4f doublet is detected for grazing angles with Pt4f7/2 at 73.4 eV BE 
and ~1.5 eV bandwidth, suggesting 10% of the Pt is oxidized to PtO or Pt3O4 (Fig. 20). 
We observe no fragments that would suggest erosion by formation of volatile PtO2. With 
AHE, the surface is reduced to pre-AOE state. 

 

Figure 19: Au cap: The Mo3d peaks before (left) and after (right)
treatment sequence. All MoO3 after AOE is reduced to MoO2 and Mo by 
AHE. 

Figure 20: Pt cap: The Pt4f peaks after AOE (left) and after subsequent
AHE (right). The Pt is quite resistant to atomic O and can be fully
reduced to its elemental state by AHE. 
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A 1.5 nm thick Pd capping layer allows for 60% of the Mo to oxidize to MoO3, a ~0.3 nm 
thick PdO2, a ~0.8 nm thick C overlayer and a CO monolayer. AHE reduces all PdO2 and 
MoO3 to it’s elemental state and erodes all CO, but leaves some carbonaceous 
contamination. AOE erodes this and oxidizes about 70% of the Pd to only PdO, with no 
visible PdO2 (Fig. 21). Mo oxidizes for 20% to MoO3, mainly located at the surface. No 
oxide remains after AHE. 

 
 
A 1.5 nm thick Rh capping layer oxidizes for 20% to Rh2O3 with a ~0.8 nm thick C 
overlayer. Within the XPS detection range, no Mo but only MoO3 is visible (Fig. 22). 
Both RhO and RhO2 are volatile and would thus not occur in XPS. As these oxides have 
a positive formation enthalpy29, formation is unlikely under ambient conditions, but 
possible in more aggressive environments. AHE results in reduction to MoO2 (Fig. 22) 
and Rh, while most C remains. During AOE, we observe no fragments that could indicate 
Rh erosion via RhO or RhO2 formation. The AOE does erode the remaining C, it oxidizes 
55% of the Rh to Rh2O3 and all Mo to MoO3. Upon subsequent AHE, the Rh2O3 and 
MoO3 are fully reduced to their elemental state by AHE. 

 
 
A 1.5 nm thick Ru layer, the material that is widely reported as a standard reference 
material7, is covered by an equivalent of a 0.8 nm thick C layer, assuming bulk density. 
With ellipsometry, we have observed that the layer is actually ~2.0 nm thick, with 40% of 
the bulk graphite density. We cannot identify any Ru or Mo in oxidized state with 
ARPES before AHE. We do observe O with predominantly O1s at 531.0 eV binding 
energy, suggesting Ru or Mo oxidation. AHE erodes all O and some 35% of the C. 
Subsequent AOE erodes the remaining C and yields about 60% Ru oxidation, with 
significant O1s peaks at 529.5 and 530.7 eV, the latter predominantly at grazing detection 

Figure 21: Pd cap: The Pd3d peaks before first AHE (left) and after AOE
(right), which yields about 70% PdO but no PdO2. All oxide is reduced by 
AHE. 

Figure 22: Rh cap: The Mo3d peaks before (left) and after (right)
treatment sequence. All MoO3 after AOE is reduced to Mo by the 
afterward AHE. 
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angles, i.e. more towards the surface. The O1s peak at 530.7 eV persists upon AHE, 
although Ru is fully reduced and the O1s peak at 529.5 eV is nearly gone. 

  
 
Because of its reference status, we performed additional Low Energy Ion Scattering 
(LEIS) analysis on a separate Ru surface, showing that it is initially completely covered 
by C and O in an approximately 1:1 ratio, with likely additional H (Fig. 23). Exposure to 
atomic oxygen for only 30 s. erodes all C and largely saturates the surface with O. 
Additional 30 s. AOE and moderately increases the total surface O content. Annealing for 
30 min. at 100° C removes part of the O, after which the Ru surface composition appears 
similar to that of a reference 7 nm thick Ru cap on a multilayer, denoted Ru(Ox). 
 

 
 
We exposed another Ru capped sample to EUV radiation. This results in a significant 
C1s peak at 285.0 eV (Fig. 24). A reference untreated diamond film shows a single C1s 
peak at 285.0 eV as well, which would imply that C contamination grown during EUV 
illumination is mainly sp3 hybridized. Comparison to literature suggests more sp2 

Figure 24: The C1s peak of a diamond film (left) and on a Ru capped
multilayer surface exposed to EUV radiation (right) suggest similar C
hybridization. 

Figure 23: The LEIS spectrum of a Ru surface before and after
exposure to O-plasma and annealing at 100° C. 
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hybridized C contamination, generally mentioning sp3 C1s at 285.5 eV, and sp2 C1s at 
284.6 eV.  
 
A 1.5 nm thick Cu capping layer shows oxidation to a 0.6 nm thick CuO layer and 30% 
of the Mo is oxidized to MoO3. Also the Cu has earlier been observed with AFM to grow 
on the Mo in islands, albeit smaller than the Au islands and not generating the same 
roughness. The surface is covered by a 0.9 nm thick C layer, of which some 60% is 
eroded by AHE. CuO and MoO3 are no longer detected. AOE erodes the remaining C. 
Practically all Mo and Cu is oxidized to MoO3 and CuO respectively. We identify O 
contents that are too high to attribute to metal oxides only and could be physisorbed as O2 
or H2O. This is eroded by AHE, reducing all MoO3 to MoO2 and CuO to Cu (Fig 25). 

  
 
A 1.5 nm thick Ni capping layer is oxidized to 0.2 nm NiO and on top 0.4 nm Ni2O3, 
covered by a 0.8 nm thick C layer. A smaller C1s peak at 288.5 eV and a substantial O1s 
peak at 531.5 eV binding energy possibly hint at carboxyl or carbonate groups. A less 
prominent O1s peak that occurs at 530.0 eV and indicates NiO, disappears upon AHE, 
while the O1s peak for Ni2O3 at 531.5 eV persists, now mainly at grazing detection 
angles. All Ni oxide is reduced, while 75% of the C persists (Fig. 26). 

  
 
The C is fully eroded by AOE. Of the Ni, 50% is oxidized to NiO and another 25% is 
oxidized to Ni2O3, while a fraction of the Mo is oxidized to MoO3. A dramatic increase 
occurs for the O1s peaks at 530.0 and more towards the surface at 531.5 eV. It only 

Figure 26: Ni cap: The Ni2p peaks before (left) and after (right) AHE. All
Ni2O3 and NiO is reduced to Ni. 

Figure 25: Cu cap: The Mo3ds peak after atomic O (left) and subsequent 
H (right) treatment. All MoO3 after AOE is reduced by AHE, mainly to 
MoO2. 
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marginally decreases upon AHE and the NiO persists, while all Ni2O3 and MoO3 is 
reduced. 

 
 
A 1.5 nm thick Co capping layer completely oxidizes under ambient conditions over 
time. The elemental Co2p3/2 peak at 778.3 eV BE is not separately identifiable from a 
peak around 780.7 eV BE which is quite high for CoOx and points more in the direction 
of Co(OH)2. O1s peaks occur at 529.6 (CoOx) and mainly 531.6 eV, either Co(OH)2 or 
CO. The surface is covered by a 1.0 nm C film with C1s at 284.8 eV, while a C1s peak at 
288.6 eV can also be observed. Upon AHE, only metallic Co remains, compared to some 
65% O and 80% C erosion. Only traces of C remain upon AOE. The Co2p3/2 peak now 
occurs at 780.0 eV BE. The O1s peak at 531.6 eV is lower than before initial AHE, while 
a strong increase occurs for the O1s peak at 529.6 eV (Fig. 27). These observations 
indicate that CoOx such as CoO, Co2O3, and Co3O4 are now formed. Also these oxides 
are completely reduced after AHE, yielding a metallic Co on Mo layered system. 
 

4.5 Conclusions 
Atomic hydrogen exposure (AHE) and atomic oxygen exposure (AOE) of eight d-metal 
nanolayer surfaces, deposited on a Mo-on-Si substrate layer, have been studied with 
ARPES and desorption spectroscopy. All surfaces are covered by directly absorbed CO 
and an averagely 0.7 to 1.0 nm thick carbonaceous layer, semi dependant on the catalytic 
activity of the d-metal but also on the surface morphology. We observe no or only very 
mild oxidation of Au, Pt, and Pd, due to insufficient formation enthalpy of their oxides. 
Also Cu, Rh, and Ru show little oxidation, which could additionally be explained by 
protective functionality of carbonaceous absorbents. With the higher formation enthalpy, 
Ni and Co are almost completely oxidized. In all investigated cases, the carbonaceous 
layer can be partially eroded by AHE under hydrocarbon desorption. The CO and 
remaining carbonaceous absorbents can be eroded by AOE, with CO2 as the main 
desorbing molecule. For all but the Au cap, the oxide content dramatically increases upon 
AOE. All investigated capping layers, including Ni and Co, can be fully reduced to 
metallic state by subsequent AHE, with desorption of H2O. 
 
We observe significant differences in initial Mo oxidation under each of the eight 
capping layers investigated. Mo oxidation is not limited or even promoted in the case of 
Au and Cu capping layers, which grow rough and in islands due to endothermic 
∆Hinterface. The heavily oxidized Ni and Co capping layers, covered with large amounts of 

Figure 27: Co cap: The O1s peak before first AHE (left) and after atomic
O treatment (right), revealing that CO is eroded by H and Co is oxidized
by AOE. 
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catalytically absorbed non-metallic oxide, (sacrificially) prevent oxidation of Mo. The 
other investigated metals take an intermediate position in affecting Mo oxidation. The 
initial and post AOE observations have been shortly summarized in Table II. For AHE, 
we can generally state that it reduces all the capping materials to their metallic state. 
Reduction of MoO3 appears to be a two step process, where only direct interaction of H 
radicals with MoO3 completely reduces it to Mo, inducing oxide migration 
and 23 32 MoOMoOMo →+ , leaving subsurface MoO2 unreachable for direct interaction 
with H radials and apparently to stable to be reduced indirectly via Mo. 
 
Cap Initial and post AOE observations 
Au Au islands, extra Mo oxidation 

Pt Pt/Mo intermixed, more O than oxidation 
Pd Much MoO3, some PdO, PdO2 upon AOE 
Rh Much MoO3, some Rh2O3 
Ru Ru oxidation only upon AOE 
Cu CuO and MoO3 
Ni Much NiO and Ni2O3, almost no MoO3 

Co Much CoOx, almost no MoO3 
 

 
Based on the above, we have identified an AOE and subsequent AHE sequence to obtain 
clean, oxide free metal surfaces. Due to its adequacy, this procedure can be considered a 
candidate for usage in practical applications like photolithography at 13.5 nm radiation. 
In addition, we identified Ni and Co as potentially suitable capping material candidates to 
prevent Mo oxidation for this application. 
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5 In-depth agglomeration of d-metals at Si-on-Mo interfaces 

5.1 Abstract 
Reflective Si/Mo multilayer mirrors with protective d-metal surfaces onto a range of 
upper Mo and Si layer thicknesses have been grown with PVD and investigated on 
diffusion and in-depth compound formation. Laterally inhomogeneous upward Si and 
downward d-metal diffusion occurs through Mo layers up to 2 nm thickness. Especially 
Ru and Rh agglomerate and form silicides such as Ru2Si3 and Rh2Si not in the midst of 
the Si layer but at the Si/Mo interface. This appears to be mediated by MoSi2 presence at 
the Si/Mo interface that acts as precursor via better lattice compatibility and lowering of 
formation energy. 
 

5.2 Introduction 
Multilayer mirror optics, acting as artificial Bragg crystals, find their application in e.g. 
Extreme UV (EUV) lithography, soft x-ray spectroscopy, fluorescence analysis and 
imaging. For the EUV lithography case, silicon is particularly suited as a transparent 
“spacer” material for photon-energies just below its L absorption edge at 100 eV. A high 
contrast Mo/Si layer combination with individual layer thicknesses of ~3.5 nm is 
generally used for normal incidence EUV reflective optics. Layer periodicity and 
interface width tolerances throughout the multilayer are typically in the Ångstrom 
regime. 
 
During EUV exposure in a vacuum system, surface adsorption and molecular dissociation 
of background CxHy and H2O yield carbon contamination as well as oxidation of the 
multilayer surface. Although the adsorption of volatile CxHy and subsequent carbon 
contamination can be controlled by extensive outgassing of the vacuum system and 
cleaning of the mirror surface1, oxidation is generally considered irreversible. To protect 
the multilayer mirror against oxidation, a thin protective “capping layer” can be applied 
at the multilayer surface. Given its oxidation resistance, known from e.g. catalysis 
research, Ru is generally proposed as a reference capping material in the EUV optics 
community2. It has been widely used by way of standard for optics lifetime studies in 
several development programs and will therefore be the object of study here. In view of 
the interface contrast and the generated standing wave, a Ru/Si/(Mo/Si) multilayer with 
sharp interfaces is required for high near normal reflectance. Literature on heteroepitaxial 
growth of platinum-group metals on Si and interface formation in UHV is quite limited. 
As will be discussed hereafter, these interfaces are generally much broader than the 
Mo/Si interface, of which the exact sharpness, reactivity, and growth mode are still a 
matter of debate3,4,5,6,7. To omit the Ru/Si interface and Ru diffusion into the Si, a Mo 
layer can be applied between the Ru and Si layer2. The thus acquired Ru/Mo/Si/(Mo/Si) 
is non-ideal from a perspective of optical contrast, transparency and EUV reflectivity and 
will be considered here solely for its chemical and diffusion properties. 
 
We will start this paper by providing thermodynamic arguments on some of the 
observations/viewpoints for Ru/Si and Mo/Si interfaces. We then continue by addressing 
our observations on in-depth distribution and compound formation of a Ru capping layer 
when applied on the upper Si or Mo layer, to determine the diffusion and distribution of 
the Ru. 

5
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5.3 Interface kinetics 
During the growth process, atoms arrive at the substrate with a certain kinetic energy. For 
e-beam physical vapor deposition (PVD), the kinetic energy is thermal (~0.1 eV) and the 
mobility of the deposited atoms or molecules is very low compared to deposition by, for 
example, magnetron or ion beam sputtering (~1 - 10 eV). In this work we focus on low 
ad-atom energy deposition via evaporation to exclude direct implantation. Interlayer 
formation at the interfaces should then be limited to diffusion. 
 
For solid-state reactions involving substitutional diffusion as in the case of Ru, Mo, and 
Si, the presence of vacancies is essential. The thermal equilibrium concentration of 
monovacancies cvac is directly related to their Gibbs free energy of formation ∆Gfor

vac 
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with ∆Sfor

vac ≈ 0.6 R as quoted by Seeger8. ∆Hfor
vac in Si is only 60 kJ/mole, compared to 

185 kJ/mole in Ru and 200 kJ/mole in Mo9. Consequently, cvac in Mo and Ru are 
negligible compared to cvac in Si, and substitutional diffusion is expected to preferentially 
occur into Si. Interface formation of Si with d-metals, i.e. overlap of Si p-type and metal 
with mainly d-type electron wave functions, depends on d-band filling but is always 
exothermic, with ∆Hinterface

Ru in Si = -133 kJ/mole and ∆Hinterface
Mo in Si = -126 kJ/mole. 

Closed interlayer growth is therefore energetically preferred over either island growth or 
layer-by-layer growth. The additional enthalpy of surface compared to bulk Si, ∆Hsurface

Si, 
is with 74 kJ/mole considerably lower than both ∆Hsurface

Ru (174 kJ/mole) and ∆Hsurface
Mo 

(188 kJ/mole). A surface monolayer coverage with Si is therefore energetically favored 
over a surface monolayer coverage with either Ru or Mo atoms. 
 
Based on the above, Ru and Mo adlayers will segregate into the Si substrate layer. 
Silicide formation will occur with such orientation that Si occupies the surface 
monolayer. ∆Hsurface is always positive since bulk symmetry is broken, which results in 
dangling bonds, i.e. electron orbitals without overlap. Ru or Mo should thus be 
considered the diffusing species during segregation. Direct segregation to the subsurface 
during initial growth and the difference in cvac would account for our observation in CS-
TEM that the Mo/Si interface results in a broader interlayer than the Si/Mo interface, 
where no segregation occurs since ∆Hsurface

Si is lowest. Petford-Long et al.10, Holloway et 
al.11, and Slaughter et al.12 also observed this difference between the Mo/Si and Si/Mo 
interface. 
 
There is a general trend that noble metals interdiffuse more with Si than mid d-block 
metals, supposedly caused by the physical effect of size, implying that the metal is the 
main diffusing species. Considering the relatively prominent interdiffusion and more 
negative ∆Hinterface of left-hand d-metals compared to mid d-block metals13,14, electron 
exchange between the d-metal and Si to lower the energy in a more half-filled d-band 
configuration might also contribute to diffusion. The relative stability of the Mo/Si 
interface compared to Ru/Si should reduce overall diffusion when Ru is deposited on Mo. 
In this paper, the Ru distribution and chemical state in Ru/Si/(Mo/Si) and 
Ru/Mo/Si/(Mo/Si) multilayers is studied using a range of upper Mo layer thicknesses. 
When Ru is deposited onto Mo, the combined Ru/Mo layer can be regarded as EUV 
absorbing and should be of limited thickness. Depending on the exact Mo layer thickness 
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that is deposited on Si, the substrate for Ru layer growth is expected to comprise of some 
Mo-Si compound that affects subsequent on top Ru growth. 
 

5.4 Experimental details 
The Ru/Si/(Mo/Si) and Ru/Mo/Si/(Mo/Si) multilayers have been grown in an UHV e-
beam evaporation coater with a base pressure of 1·10-6 Pa15. Growth rates in this 
particular work are 0.05 nm/s for Si, 0.04 nm/s for Mo, and 0.01 nm/s for Ru. Quartz 
crystal oscillator microbalances and in situ x-ray reflection measurements are used for 
layer thickness control. A flux-shaping mask is used to deposit the Mo layer with a lateral 
thickness gradient, before depositing the Ru capping layer16. The Mo layer thickness is 
varied over a range from 0 (Ru directly on Si) to 4 nm to determine the effects on layer 
chemistry. 
 
X-ray photoelectron spectroscopy (XPS) and AES depth profiling with 0.5 keV Ar+ at 
45° incidence are used to determine the in-depth distribution and silicide formation in the 
multilayers. The Ar+ ions have a penetration depth of ~1.6 nm in Si and ~0.7 nm in d-
metals like Mo and Ru17. AES offers better surface sensitivity and depth resolution, with 
lower chemical resolution. Quantification is done with the derivative method, while 
similar results are obtained when the peak area is fitted. AES mainly probes the distorted 
area where Ar+ induced intermixing and silicide formation artifacts might occur. The 
depth scale in the graphs shown in this study is ascribed based on the known deposited 
bilayer thicknesses and periodicity in the multilayer. Differences in sputter efficiency and 
electron escape depths for the different materials result in under-estimation of the Si 
content in the multilayer. The effect is of negligible influence in this work, considering 
the focus on the surface composition, and not on the multilayer periodicity. 
Compensation via the known as-deposited ratio is therefore not carried out. 
 
High-angle annular dark field scanning transmission electron microscopy (HAADF-
STEM) and energy dispersive X-ray (EDX) analysis were performed with a FEI Tecnai 
F30ST, operated at 300 kV. The samples were prepared by focused ion beam (FIB) using 
a FIB2000. This procedure damages the upper ~20 nm of the sample. The sample is first 
analyzed “as-FIBbed”, i.e. with sample thickness ~100 nm and ion beam damage on both 
sides. Further thinning to <80 nm is achieved with low-energy ions. 
 

5.5 Results and discussion 
Figure 28 shows the atomic percentage of Ru as a function of depth from the surface, 
when deposited onto a range of thicknesses of the upper Mo layer (left) or Si layer 
(right). 
 
Observed from the surface into the multilayer, the Ru content in the upper Mo and Si 
layer shows an exponential decay that is readily related to normal diffusion behavior and 
additional ion beam mixing. Towards the first Si/Mo interface, the Ru content rises above 
the exponential function. It agglomerates at this interface for all but the 4 nm thick Mo 
layer directly underneath the Ru, which is apparently of sufficient thickness to block the 
Ru diffusion. To exclude forward sputtering effects and investigate on possible diffusion 
along grains in the Mo microstructure18, a focused ion beam prepared cross section of the 
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multilayer with a 2 nm thick Mo directly under the Ru is analyzed with cross section 
HAADF-STEM (Fig. 29). 
 

 
 

 

Figure 28: XPS analysis of the Ru content as a function of depth in 
Ru/Mo/Si/(Mo/Si) (left) and Ru/Si/(Mo/Si) (right) multilayers. A range of 
thicknesses for the layer directly under the Ru is explored. 

Figure 29: Cross section HAADF-STEM image with <1 (left) and <0.3 nm
(right) footprint of the multilayer with a 2 nm thick Mo layer directly
underneath the Ru. The Si appears dark in EDX and bright in HAADF-STEM. 
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Fig. 29 shows a broad interface gradient of medium brightness under the Ru and upper 
Mo layer that shows some lateral inhomogeneousness. This broad interface is absent 
under the other Mo layers and corresponds to the Ru diffusion as observed in Fig. 28. The 
cross section suggests that the Mo layer underneath the Ru is not completely closed and 
that Si diffuses upwards to the Ru layer. A darker region is visible between the Ru and 
Mo layer in HAADF-STEM, suggesting Si presence. The Ru layer itself appears rather 
homogeneous, in contrast to Au and Cu capping layers that form a rough surface with 
island growth on the Mo19. The inhomogeneous Mo layer structure seems responsible for 
the Ru diffusion as observed in Fig. 28. We make similar observations when a layer of 
B4C is applied between the Ru and Si layer20. B4C is not known to form 
polycrystallinities and grain boundaries, while significant upward Si segregation does 
occur. Si presence in the diffusion barrier layer would thus appear of main influence on 
Ru diffusion. To confirm the Ru and Si diffusion through the Mo layer, Fig. 30 shows the 
in-depth EDX quantification of Si, Mo and Ru for the multilayer displayed in Fig. 29. 
 

 
 
The EDX profile offers insufficient resolution for detailed conclusions on possible in 
depth Mo and Si distributions. We do observe indications of Si segregation and a pure Ru 
layer with a residue below the Mo diffusion barrier layer, similar to results obtained with 
XPS. For the sample thickness, the volume of X-ray generation is estimated to be 
approximately 3 nm in diameter. This value can be decreased by analyzing thinner 
sample regions, but only at the cost of counting statistics, already marginal in this case. 
We investigated several d-metal capping layers on Mo and Si with AES depth profiling 
for improved depth resolution. All these structures show upward Si and downward 
capping metal diffusion and agglomeration, which appear similarly or even more 
pronounced at lower sputter energies to further reduce forward sputtering. Thermal 
behavior was also investigated with in-depth AES analysis, as shown in Fig. 31 for Ru 
and Rh capped multilayers before and after 48 hour anneal at 300° C. 
 
  

Figure 30: EDX intensities for Si, Mo and Ru, with a correction for Mo Kβ and 
Ru Kα peak overlap. 
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The diffusion and agglomeration of Ru and Rh at the Si/Mo interface in Fig. 31 was also 
observed for Nb and Ir capping metals. This feature is further enhanced by thermal 
anneal, confirming the agglomeration as a thermally preferred configuration. Instead of 
Mo, we also applied surfactant metals such as Y or Sb between the Ru and Si to limit Ru 
diffusion into Si via surfactant mediated growth21,22,23. These surfactants are observed to 
diffuse to the surface, unable to prevent again considerable Ru agglomeration at the 
Si/Mo interface24. 
 
The Si/Mo interface is increasingly Mo-rich with lower cvac in depth, and would therefore 
be expected to support lower instead of enriched capping metal concentrations. The 
observed agglomeration at the interface might be explained by a diffusion mechanism via 
channels through the upper Mo and Si layer. This could hinder migration back into the Si 
upon arrival at the Si/Mo interface, although this should not be expected to yield amounts 
higher but only equivalent to in the midst of the Si layer. The Si, Mo and capping metal 
distribution diffuse upon annealing due to increased atom mobility, but agglomeration at 
the Si/Mo interface front is persistent. The observed agglomeration implies that these d-
metals preferentially reside at the Si/Mo interface front; a feature that cannot be 
explained by vacancy mediated substitutional diffusion. 
 
To identify the process responsible for the observed Ru distribution and agglomeration at 
the Si/Mo interface front, the in-depth chemical state analysis of Ru, i.e. the Ru3d5/2 
electron binding energy (BE) is analyzed with XPS. RuOx and Ru2Si3 appear as up- and 
downward Ru3d5/2 peak shifts respectively, which are plotted as a function of depth in 
Fig. 32. 

Figure 31: In-depth AES analysis of Ru (left) and Rh (right) capped
multilayers, with a 1.0 nm and no Mo barrier respectively, before and after 
48 hour anneal at 300° C. 
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Figure 32 shows a remarkable in-depth modulation of the Ru peak shift and thus its 
chemical state. Especially when Ru is directly deposited onto Si, Ru2Si3 formation is 
observed at the Ru/Si and Si/Mo interface, while Ru remains in elemental state in the 
midst of the Si layer. When Ru is deposited onto a 1 or 2 nm thick Mo layer, Ru2Si3 
presence is also visible between the Ru and Mo layer, where upward diffused Si yields a 
Si/Mo interface (Fig. 29). Analysis of the Mo3d5/2 and Si2p BE indicates MoSi2 presence 
at the Si/Mo interfaces that apparently enhances Ru2Si3 formation. Formation of MoSi2 
(Eact ≈ 130 kJ/mole) can be an intermediate or precursor for Ru2Si3 (Eact ≈ 174 kJ/mole).  
In turn, Ru2Si3 formation induced by MoSi2 presence can sustain Ru diffusion and 
agglomeration at the Si/Mo interface, and explain the thermodynamic stability upon 
annealing. Ronay and Schad25 observed a somewhat similar precursor functionality of 
Cu3Si, which lowers the formation temperature of ReSi2, generalizing the observations 
described. 
 

5.6 Conclusion 
The in-depth distribution and compound formation of a thin Ru layer when applied on the 
upper Si or Mo layer have been characterized with XPS. Ru segregation and diffusion are 
reduced when Ru is deposited onto increasingly thick Mo layers. 
  
The Mo layer underneath the Ru shows an inhomogeneous structure with Si presence in 
and on top of it. We observe a continuous decrease in Ru diffusion with increasing upper 
Mo layer thickness, without significant additional Ru diffusion through grain boundaries 
in thicker polycrystalline Mo layers. Ru2Si3 formation is more prominent for thinner Mo 
layers and mainly occurs at the Si/Mo interfaces, which we attribute to MoSi2 precursor 
functionality. When used as a surface capping layer, several other d-metals, amongst 

Figure 32: The Ru3d5/2 peak shift from its elemental value of 280.0 eV BE as a
function of depth in the Ru/Mo/Si/(Mo/Si) (right) and Ru/Si/(Mo/Si) (left)
multilayers with a range of thicknesses for the layer directly under the Ru. 
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which Rh most prominently, show similar in-depth distributions with in-depth 
agglomeration and silicide formation at the Si/Mo interface. 
Si and MoSi2 presence, yielding vacancy mediated diffusion and Ru2Si3 formation, 
appear of more influence on Ru diffusion through the Mo layer than the effect of Mo 
crystallization. Formation of Ru2Si3 via a MoSi2 precursor induces Ru migration and 
agglomeration at the Si/Mo interface already at room temperature and thermodynamically 
stabilizes it. 
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6 Chemically mediated diffusion of d-metals and B through Si and 
agglomeration at Si-on-Mo interfaces 

6.1 Abstract 
Chemical diffusion and interlayer formation in thin layers and at interfaces is of 
increasing influence in nanoscopic devices, such as nano-electronics and reflective 
multilayer optics. Chemical diffusion and agglomeration at interfaces of thin Ru, Mo, Si 
and B4C layers have been studied with XPS, CS-EELS, HAADF-STEM and EDX in 
relation to observations in Ru-on-B4C capped Mo/Si multilayers. Rather than in the midst 
of the Si layer, silicides and borides are formed at the Si-on-Mo interface front, notably 
RuSix and MoBx. The interface apparently acts as a precursor for further chemical 
diffusion and agglomeration of B, Ru, and also other investigated d-metals. Reversed 
“substrate-on-adlayer” interfaces can yield entirely suppressed reactivity and diffusion, 
stressing the influence of surface free energy and the supply of atoms to the interface via 
segregation during thin layer growth. 
 

6.2 Introduction 
The morphology of layer growth on a dissimilar substrate layer is affected by the lattice 
mismatch, the chemical reactivity, and the surface free energy difference1,2. In this paper 
we characterize the influence of these factors by considering nanometer thin Ru, Mo, Si 
and B4C substrate and adsorbate layers to cover a wide range of interface characteristics. 
Ru does not readily react with Mo and the two transition metals have comparable lattice 
spacings and surface free energies that are very different from Si and B4C. Mo forms a 
relatively stable silicide interface with Si3, while Ru and some other d-metals diffuse into 
a Si substrate layer without significant reactivity4. B4C dissociates upon deposition and 
readily forms borides with Mo and Ru, while carbides are only kinetically favored with 
Mo and Si. All materials involved are considered both as ad- and substrate layer to study 
the effect of dissociative B4C deposition as observed by I. Nedelcu et al.3, and the surface 
free energy driven intermixture (segregation) on the adsorbate/substrate dependency for 
compound formation. Layer and interface growth and compound formation can be 
optically studied in multilayer coatings that act as artificial Bragg crystals. Reflective 
multilayer x-ray optics are also of increasing importance for applications in astronomy, 
medicine and next generation lithography. 
 
For extreme UV lithography (EUVL, λ = 13.5 nm), high contrast Mo/Si multilayers with 
individual layer thicknesses of 3 to 4 nm are applied as condenser, illuminator and 
projection optics. To protect the reflecting mirror surface against photo induced oxidation 
and the resulting decrease in reflectivity, a capping layer is applied on top of the 
multilayer5, with Ru as a common reference material6,7. Cap thickness and intermixture 
with the layers beneath strongly influence the overall reflection and the protection that 
the cap offers. We relate our characterization of the interlayers between B4C, Ru, Mo, 
and Si to the application of a B4C diffusion barrier layer between the Ru and subsurface 
Si. This could reduce the overall intermixing and limit subsequent reflection loss, as 
proposed by Bâjt et al.7.  
 

6 
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6.3 Experimental details 
The layers have been grown onto natively oxidized super polished Si (100) substrates that 
are pre-coated with Si in an electron-beam physical vapor deposition (PVD) setup with a 
base pressure of 1·10-6 Pa8. This deposition technique was used for Si, B4C, Mo, and Ru 
to limit direct implantation of high energy atoms that might occur using higher adatom 
energy deposition techniques such as magnetron sputtering. Quartz crystal oscillator mass 
balances and in situ C-Kα x-ray reflectometry are used for layer thickness control. A flux-
shaping mask is used to deposit the B4C diffusion barrier with a lateral layer thickness 
gradient from 0.4 to 5.0 nm9,10, before depositing the Ru capping layer. 
 
A Thermo Theta Probe monochromated Al-Kα x-ray photoelectron spectroscopy (XPS) 
setup with ion gun was used for sputtering and immediate subsequent on spot analysis of 
the in-depth material distribution and compound formation. The penetration and possible 
ion mixing depths of the used 0.5 keV Ar+ sputter ions at 45° incidence are ~1.6 nm in Si, 
~1.3 nm in B4C, and ~0.7 nm in d-metals like Mo and Ru11. Considering the ~0.7 nm 
inelastic mean free path of the photoelectrons12, the calculated ion mixing components 
are minor to moderate. 
 
Differences in sputter efficiency and electron escape depths for the different materials 
result in underestimation of the Si content in the multilayer. This can result in early 
detection of subsurface elements during depth profiling, i.e. an apparent layer front shift 
to the surface. Thin layer systems thus appear more smeared out than they are. 
Considering that the XPS probing depth is considerably larger than the range of ion-beam 
induced chemistry, the in-depth modulation of electron binding energies, i.e. XPS peak 
shifts, can give a good indication of in depth chemical states. 
 
The depth scale in the graphs shown in this study is determined from the deposited layer 
thicknesses and periodicity in the multilayer as established by quartz microbalances and 
in-situ reflection measurements. Differences in sputter efficiency and electron escape 
depths for the different materials that result in under-estimation of the Si content in the 
multilayer are not of influence in the presented results, considering our focus on the 
surface composition and not on multilayer periodicity. 
 
Cross section electron energy loss spectroscopy (CS-EELS), high-angle annular dark 
field scanning transmission electron microscopy (HAADF-STEM) and energy dispersive 
X-ray (EDX) analysis were performed with a FEI Tecnai F30ST, operated at 300 kV. The 
samples were prepared by focused ion beam (FIB) using a FIB2000. This procedure 
damages the upper ~20 nm of the sample. The sample is first analyzed with a sample 
thickness of ~100 nm and ion beam damage on both sides. Further thinning to <80 nm 
was achieved with low-energy ions. 
 

6.4 Results and discussion 
Figure 33 shows the sputter depth profiles of three Ru/B4C/Si/(Mo/Si) multilayers with 
B4C layer thicknesses of 5.0 nm (solid line), 1.7 nm (dashed line) and 0.4 nm (dotted 
line). The Ru and Si layers are kept at constant 1.5 and 2.5 nm thicknesses respectively4. 
The profiles are matched to the multilayer periods, with the top Si-on-Mo interface 
defined at 0.0 nm sputter depth.  
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The smearing out of Mo when thicker B4C diffusion barriers are applied on top can be 
attributed to some loss of depth resolution. The Si appears to diffuse upward into the on 
top B4C, due to its lower surface free energy13,14,15. We do not observe a shift of the Si2p 
electron binding energy (BE) from its elemental value of 99.3 eV. This suggests that 
recombination of atomically deposited B4C occurs at the Si substrate layer and no 
kinetically unfavorable SiBx and SiCx are formed. To consider the in-depth Ru 

Figure 33: XPS sputter depth profiles of three Ru/B4C/Si/(Mo/Si) 
multilayers with 5.0 nm (solid line), 1.7 nm (dashed line), and 0.4 nm
(dotted line) thick B4C diffusion barriers. 

Figure 34: In-depth Ru content in atomic percent for various B4C 
barrier layer thicknesses (labeled in nm) as determined by XPS sputter
depth profiling. 
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distribution in more detail, it has been plotted separately for all investigated underneath 
B4C diffusion barrier thicknesses in Fig. 34, with the abscissa similar to Fig. 33. 
 
Observed from the Ru surface, all depth profiles in Fig. 34 show a similar exponential 
decay in Ru content over a depth of several nm, as would be expected for a layered 
structure. The Ru diffuses through both the B4C and the Si, agglomerating at the Si-on-
Mo interface as defined at 0 nm depth.  Within the investigated range of B4C barrier 
thicknesses, none of the B4C diffusion barriers is observed to completely inhibit Ru 
diffusion. The increasing Ru residue below the B4C layer for decreasing B4C layer 
thickness has been confirmed using Auger electron spectroscopy depth profiling7. Ru, 
Rh, Y, Nb and Ir also diffuse through a Mo and Si layer to agglomerate at the Si-on-Mo 
interface, generalizing the observations for a range of d-metals4. To verify that the 
observations are not a result of lateral Ru on B4C growth inhomogeneity, Fig. 35 shows 
an AFM image of a Ru/B4C capped multilayer surface when a 2.0 nm thick B4C 
diffusion barrier is applied. 

 
 
The AFM image in Fig. 35 reveals a 0.1 nm RMS and 0.57 nm peak-to-valley roughness, 
indicating that Ru on B4C growth and the observed diffusion do not increase roughness 
compared to Ru/Mo/Si/(Mo/Si) multilayers, for which Ru agglomeration at the Si-on-Mo 
interface front was also visible in 0.5 and 0.25 keV Ar+ depth profiles4. The Ru 
agglomeration persisted or even increased after 48 hours anneal at 300° C, implying that 
the agglomeration is a thermodynamically preferred configuration.  

Figure 35: AFM image of a Ru capped multilayer with a 2.0 nm thick
B4C diffusion barrier.  
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Figure 36 shows the Ru3d5/2 in-depth peak shift from its elemental value in reference to 
the Fermi level, giving an indication of the chemical state and compound formation. The 
in-depth Ru3d5/2 BE modulation up to 0.5 eV in the 4.3 and 5.0 nm thick B4C layers 
cannot be attributed to oxidation as is the case at the surface, since no subsurface oxygen 
is observed in XPS. A coinciding B1s BE increase from 188.0 to 188.6 eV suggests RuB 
formation at the cost of B4C decomposition. The C1s peak appears to shift from 282.0 eV 
to 282.8 eV, suggesting a transition from carbide (B4C) in the direction of the elemental 
value of 284.5 eV. Towards the Si/Mo interface, the Si2p BE increase of 0.3 eV suggests 
silicide formation. The Mo3d5/2 peak at 227.8 eV BE excludes neither elemental Mo nor a 
silicide. At the Si/Mo interface, the decrease of Ru3d5/2 BE observed in Fig. 36 suggests 
Ru2Si3 formation. This means that the Ru agglomeration as observed in Fig. 34 coincides 
and likely is a result of Ru2Si3 formation at the Si/Mo interface, which would sustain Ru 
migration. Towards the Si/Mo interface, a change in the nearest neighbor distance and/or 
formation of Mo silicides could accommodate Ru2Si3 formation. With Eact ≈ 130 kJ/mole, 
MoSi2 could be an intermediate or precursor for Ru2Si3 formation, for which Eact ≈ 174 
kJ/mole16. Ronay and Schad observed similar precursor functionality of Cu3Si, which was 
found to lower the formation temperature of ReSi2

17. Like Ru, B is observed to 
agglomerate at the Si/Mo interface, as can be seen in Fig. 37. 
 
The B tail in Fig. 37 shows a similar slope for the various B4C layer thicknesses systems. 
Small differences can be attributed to ion mixing which is more prominent when more 
B4C is present in the system. The B agglomeration is accompanied by a significant B1s 
electron binding energy increase in the Mo layer, suggesting that B migration towards the 
Mo layer is accommodated by MoBx formation, which stops further B diffusion. A 
similar mechanism occurs in the multilayer when B4C diffusion barriers are 
applied3,18,19,20. Figure 38 shows a ~0.3 nm beam size EELS cross section of a multilayer 
with five periods of 3.5 nm thick Mo and Si layers on five periods of 3.0 nm thick Mo 

Figure 36: Ru3d5/2 peak deviation from it elemental value of 280.0 eV 
BE for various B4C barrier layer thicknesses (labeled in nm) as 
established by in-depth XPS analysis. 
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and Si layers with a 1.0 nm thick B4C barrier at each interface. The profiles are corrected 
for the total transmission of the TEM sample, which is much less in Mo than in Si. 

  

 
 
The CS-EELS in Fig. 38 reveals highly localized B peaks that are predominantly located 
in the Mo layers. This means that the B diffuses from both the Mo/Si and Si/Mo interface 
into the Mo layer, where it can form MoBx. The in-depth C distribution appears very 
diffusive with probably a large contribution from the sample preparation. The 16–84% 

Figure 38: Cross section EELS of a multilayer with five periods of 3.5
nm thick Mo and Si layers on five periods of 3.0 nm thick Mo and Si
layers with a 1.0 nm thick B4C barrier at each interface. Peaks in the
HAADF intensity correspond to Mo layers, valleys to Si layers. 

Figure 37: In-depth B distribution for various B4C barrier layer 
thicknesses (labeled in nm) as established by XPS sputter depth
profiling. 
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Mo-on-Si and Si-on-Mo interface widths are 1.08 and 1.24 nm respectively, compared to 
1.75 and 1.50 nm without B4C. The difference at the Si-on-Mo interface is within the 
finite resolution and the instrumental error, but the Mo-on-Si interface profits from 
reduced segregation by application of a B4C diffusion barrier. HAADF-STEM analysis 
with a beam diameter <0.3 nm confirms the observations (Fig. 39), although the barrier 
layers are not individually identifiable. 
 

 
 
In Fig. 39, the B and C presence also appear to reduce layer inhomogeneity and interface 
diffuseness. In XPS depth profiling studies on Si/Mo multilayers with B4C diffusion 
barriers, we observe a locally B-rich stoichiometry, while C is more diffused3. In the case 
of Si and B4C, borides will not spontaneously form, due to unfavorable formation 
enthalpy. Only elemental C, that is in equilibrium with B4C, can react with Si to form 
SiC, with ∆Hfor

SiC = -65 kJ/mole, considering the chemical equilibrium (K) of compound 
formation 
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Figure 39: Cross section HAADF-STEM image with a <1 nm (left) and <0.3 
nm (right) footprint of a Ru capped 5x(Mo/Si) 5x(Mo/B4C/Si/B4C) multilayer. 
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where the ∆Sfor term covers differences in phase and crystal structure. Since these 
differences are small for solid-solid interactions occurring at the interface, we take ∆Gfor 
≈ ∆Hfor. B4C deposition onto Si results in a chemically inactive interface with significant 
B4C segregation towards the subsurface to maintain a surface monolayer of Si, of which 
both the surface free energy and the enthalpy for vacancy formation are lowest. When 
B4C is atomically deposited onto Ru or Mo, the largest kinetic gain is obtained 
respectively by;  
 

C  RuB 4  C  B 4 Ru  4 +→++ , and (9) 
 

CMo  MoB 4  C  B 4  Mo 6 2+→++ , (10) 
 
with ∆Hfor

RuB = -35 kJ/mole, ∆Hfor
MoB = -62 kJ/mole, ∆Hfor

Mo2C = -46 kJ/mole16 and 
negligable Ru and Mo lattice energy. This implies formation of RuB via equation (9), 
MoB and Mo2C via equation (10) at the respective interfaces, and negligible B4C 
recombination. Surface segregation is not energetically favorable, and the decreasing Ru 
and Mo atom supply to the surface upon boride formation can favor another 
stoichiometry. When surface Ru or Mo are finally depleted, B4C recombination can 
occur. 
 
The experimental results show reactive interfaces when B4C is used in multilayer 
applications. Increased B concentration and B1s electron binding energy at the B4C/Mo 
interface hint at MoB formation via equation (10). Transition metal boride and carbide 
formation at B4C interfaces has also been observed by P. Mogilevsky et al.21. In the 
experiments, various metal borides and carbides appear to be favored over B4C, in 
accordance with the earlier described thermodynamics. To identify the 
adsorbate/substrate dependency of thin layer growth mechanisms, Fig. 40 shows an XPS 
sputter depth profile of a four material multilayer with interfaces in all the possible 
orientations; Si/Ru/Mo/B4C/Si/Mo/Ru/B4C/Mo/Si/B4C/Ru/Si. Ru and Mo layers are 4 nm 
thick, first and last Si layer 7 nm, B4C and other two Si layers 15 nm. 
 
From the depth profile, it is clear that the sputter rate for B4C is significantly lower than 
for Si. Si segregation into B4C is again visible for B4C on Si, and to lesser extends for 
B4C on Ru and B4C on Mo, indicating a moderately high surface free energy of the 
deposited B4C. Like Ru, diffusion of Mo into a B4C substrate layer is significant. Clear 
Mo segregation into Si and relatively sharp B4C/Mo and Si/Mo interfaces are also visible. 
For in-depth chemical analysis, Fig. 41 shows the B1s, C1s, Ru3d, Mo3d and Si2p peak 
shifts from bulk values, superimposed on the depth profile.  
 
Segregation of Mo, similar to Ru, delays B4C depletion and results in a broad MoB and 
Mo2C interlayer. Si2p, Mo3d and Ru3d electrons all show a considerable upward binding 
energy shift when the corresponding materials are deposited onto B4C, while the shift is 
much smaller when these materials form the substrate layer for B4C growth. Significant 
B1s peak shifts are observed for B4C interfaces with Mo and Ru. When Ru is replaced by 
Y, which has the lowest surface free energy per unit area of the d-metals, we observe 
quite similar diffusion and compound formation. It is remarkable that the binding energy 
shifts appear much more adsorbate/substrate than material dependent and that instead of 
B4C dissociation, the supply of atoms via segregation is of main influence. 
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Figure 40: XPS sputter depth profile of a four material multilayer system
with all ad-/substrate layer combinations; B bonded to C is denoted B (C).

Figure 41: Peak-shifts (dots, superimposed on the depth profile) for Ru3d,
C1s, B1s, Si2p and Mo3d as determined by XPS sputter depth profiling. A 
0.0 eV peak shift represents binding energies of 280.0, 283.0, 188.0, 99.3,
and 227.8 eV for the respective materials. 
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6.5 Conclusions 
Diffusion and compound formation in Ru, Mo, Si and B4C layers have been characterized 
with XPS, CS-EELS, HAADF-STEM and EDX. Minimization of the surface free energy 
causes significant B4C surface segregation into the Si, driving Si towards the surface. The 
intermixture is not accompanied by chemical activity. The B1s, C1s and Si2p electron 
binding energies reveal no SiB and SiC, both species not being kinetically favored over 
B4C. 
 
Significant Ru surface segregation and further diffusion into the B4C and Si layer occur 
for all B4C diffusion barrier thicknesses up to 5.0 nm. Ru diffusion coincides with Ru3d, 
B1s and C1s electron binding energies that suggest Ru boride formation at the cost of 
B4C, particularly for the thickest B4C layers.  
 
Ru and B diffuse through the Si layer towards the Si/Mo interface front, where 
agglomeration occurs. This is in accordance with earlier experimental results, which 
showed Ru agglomeration to also be persistent after annealing. Shifts of the Ru3d and 
B1s electron binding energies suggest the agglomeration is accompanied by Ru2Si3 and 
MoB formation. Our results confirm earlier conclusions that the Si/Mo interface front 
acts as a precursor for Ru silicide formation, accommodating Ru migration to minimize 
the energy. The observations for Ru can be generalized to other d-metals including Y, 
Nb, Rh and Ir. B agglomeration is found to be accommodated by MoB formation, which 
is strongly favored over the endothermic SiB formation process and to a lesser extend 
over formation of RuB. 
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7 Reflective multilayer optics for 6.7 nm wavelength radiation sources 
and next generation lithography 

7.1 Abstract 
Reported is a computational and chemical analysis of near normal incidence reflective 
multilayer optics for 6.7 nm wavelength applications in e.g. the Free Electron Laser 
FLASH and next generations of EUV lithography. We model that combinations of B or 
B4C with La offer a reflectivity of ~70%. The small reflection bandwidth poses problems 
in applications, but it can be significantly improved by replacing La with Th or U. 
Reflectometry, CS-TEM, and in-depth XPS analysis of B/La and B4C/La multilayers 
reveal chemical reactivity at the interfaces. Significant LaBx interlayer formation is 
observed in especially B/La multilayers, stressing the relevance of interface passivation. 
We propose nitridation of the interfaces, which mitigates interlayer formation and 
simultaneously increases optical contrast. 
 

7.2 Introduction 
We present a computational and experimental survey of multilayer optics to maximize 
reflection around the 6.7 nm range at near normal angle of incidence (AOI). New short 
wavelength radiation sources, e.g. soft x-ray free electron lasers (X-FELs) and next 
generation lithography call for high reflection optics, in most cases preferably at near 
normal AOI1. Fig. 1 shows some reported reflectivity values (R) in the 2 to 20 nm 
wavelength and AOI range2. 
 

7.3 Results and discussion 
Figure 42 shows a positive correlation between wavelength and reflection, due to optical 
properties and the influence of e.g. layer diffuseness.  We will here concentrate on optics 
for λ = 6.7 nm, the position of the boron K absorption edge, where B and B4C can act as 
low absorbing spacer layers. Several studies have shown that, compared to B4C/Mo, 
B4C/La multilayers offer significantly better reflectivity at relatively grazing AOI3,4,5, 
with applications in e.g. soft x-ray spectroscopy, fluorescence analysis and imaging.  
 
Figure 43 shows the calculated reflection curve at 1.5° off normal AOI for the best 
candidate quarter-wave multilayers, assuming a 0.3 nm interface diffuseness which is 
conventional fur Mo/Si multilayer optics in EUV lithography6. Somewhat inferior 
candidates include B and B4C combinations with e.g. CsI and LaF3. The number of 
periods is 200, the effective maximum that contributes to reflection.  

7
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IMD simulations7 show that the reflection bandwidth is only ~0.06 nm for the B4C/La 
multilayer, which is ~11% of the Si/Mo multilayer reflection bandwidth for 13.5 nm 
EUV reflection. When B or B4C is combined with Th or U, simulations indicate 
significantly larger bandwidths of 0.09 and 0.17 nm resp., due to the higher optical 
contrast at the interfaces. AFM and TEM studies on Al/U and Si/U multilayers have 

Figure 42: Reported reflectivity values for < 5° off normal AOI. The C, B4C 
and Si absorption edges are indicated. 

Figure 43: Calculated reflectivity curves of the best performing 200 period 
multilayers at 1.5° off normal AOI, assuming 0.3 nm interface diffusiveness. 
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revealed that these systems yield an interface diffuseness of ~0.5 nm8. Radioactivity 
hazard of Th or U are calculated to be of no significance in mirror applications9,10. Most 
multilayer deposition setups do however not accommodate experimental research with 
these metals and we will therefore here consider only experimental B/La and B4C/La 
multilayers. 
 
Reflections of 53% at 65.5° with 50 periods3 and 39.3% at 75.0° with 150 periods11 have 
been reported at λ = 6.77 nm. We can model these results with a B4C/La bilayer structure 
with interface diffuseness up to 0.75 nm, which might be attributed to polycrystallinities. 
We will show that the high chemical activity of La with B and C results in significant 
interlayer formation, explaining the experimental data. 
 
The presence of nano-size crystallites12 was investigated with x-ray diffraction (XRD) 
spectrum at λ = 0.154 nm (Cu-Kα) for two B/La and a B4C/La multilayer that were 
produced with our multilayer deposition facilities13, as shown in Fig. 44. The cross-
section transmission electron microscopy (CS-TEM) image of the B4C/La multilayer is 
also shown. 

 
 
The XRD peaks at 27.3°, 56.3°, and 77.2° in Fig. 44 can originate from crystalline La 
<100>, La <200>, and La <210> planes respectively. The relative shifts of up to 5% 
would however indicate considerable lattice stress, and the absences of 2nd order peaks in 
the spectra suggest an amorphous structure for all three multilayers with a general nearest 
neighbor distance only. Also CS-TEM reveals no crystallinity in the multilayers, but we 
can observe an increasing lateral waviness of the layers from bottom to top. This is likely 
caused by relaxation of the lattice stress due to the significant lattice parameter 
differences14. We do observe La crystallization of 7 nm thick La layers in CS-TEM. The 
B4C-on-La interfaces appear to  be more diffuse than La-on-B4C interfaces, attributable 
to the lower surface free energy of La, compared to B and B4C15,16,17. 

Figure 44: XRD spectra at λ = 0.154 nm (Cu-Kα) of three multilayers (left) and the 
CS-TEM image of the B4C/La multilayer (right). 
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Reflection measurements of the B4C/La multilayer suggest a ~0.67 nm interface 
diffuseness15,18,19 or up to 1.5 and 0.5 nm thick kinetically favorable LaB6 and LaC2 
interlayers at the B4C-on-La and La-on-B4C interface resp. In-depth x-ray photoelectron 
spectroscopy (XPS) analysis of Mo/Si multilayers with B4C diffusion barriers reveal a B-
rich stoichiometry, while C appears to be more diffused and weakly bounded20. The 
experimental results show reactive interfaces when B4C is used in multilayer 
applications, and stable metal borides and carbides appear indeed to be favored over B4C. 

Figure 45: In-depth XPS analysis of a B4C /La (top) and B/La (bottom) multilayer, 
with 4.4 and 4.7 nm d-spacing respectively. In brackets the species to which they 
are likely bonded. 
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Metal boride formation at the cost of B4C has also been observed by P. Mogilevsky et 
al.21. 
 
With in-depth XPS analysis by 0.5 kV Ar+ sputtering, we observe considerable 
intermixing of B and B4C with La, as can be seen in Fig. 45 for the B/La and B4C/La 
multilayer with a d-spacing of 4.4 and 4.7 nm respectively. 
 
The multilayer profiles shown in Fig. 45 can be reconstructed using the atomic mixing 
and information depth component from the mixing-roughness-information depth (MRI) 
model22 with a calculated atomic mixing (gw) of 2 nm and an information depth (gλ) of 3 
nm in linear approximation. We model a bilayered structure with 1.2 nm thick B and La 
layers for the B/La, and 2.8 nm thick B4C and 1.6 nm thick La layers for the B4C/La 
multilayer. The reconstruction does not suggest significant interface gradients, although 
we observe a second La4d doublet at ~3.5 eV lower binding energy. Although XPS 
literature on La is very limited, this doublet might be attributed to LaB6 and LaC2 that are 
diffusely distributed throughout the multilayers. Taking also reflectometry, CS-TEM, 
angular resolved XPS measurements23,24, formation enthalpy (∆Hfor) and optical constants 
as shown in Table III into account, we model an interface gradient that can be attributed 
to formation of LaB6 and LaC2, predominantly at the La layer front. This suggests atomic 
deposition of B and C25, since incorporation of the dissociation of B4C in the reaction via 

264 LaC 3  LaB 4  CB 6  La 7 +→+  practically cancels out any energy gain. La deposition 
onto an already recombined B4C substrate layer thus yields limited interlayer formation at 
the La-on-B4C interface. This could explain the better localization of La in a B4C/La 
multilayer compared to a B/La multilayer. During photo exposure, energy supplied to the 
system can however shift this balance, yielding interlayer formation also at this interface. 
In Fig. 45 La (B) and for B4C/La also B (La) incorporated in a LaBx compound have been 
partially identified, but cannot account for up to 1.5 and 0.5 nm thick LaBx interlayers, as 
modeled by reflection measurements. Table III shows the ∆Hfor, the refractive index (n) 
and the absorption constant (β) at λ = 6.7 nm for La, B, B4C, LaC2, LaB6, BN and 
LaN26,27,28,29,30. 
 

 

 

The ∆Hfor values in Table III reveal that LaB6 and LaC2 formation is kinetically 
favorable.  To identify further possible presence of non-stoichiometric LaBx, we consider 
the individual B1s, La3d5/2 and La3d5/2 (B) peak position, visible in Fig. 46.  

Compounds La B B4C LaC2 LaB6 BN LaN 
∆Hfor (kJ/mol) 0 0 -71 -89 -130 -255 -303 
n 0.984 1.001 0.999 0.986 0.992 0.995 0.981
β (10-3) 1.075 0.414 0.528 0.996 0.853 0.894 1.420
Table III. Formation enthalpy and optical constants for 
compounds relevant to this work. 
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The modulations in B1s peak position shown in Fig. 46 are very similar for the B/La and 
B4C/La multilayers, while its absolute position is about 0.3 eV higher in the latter. The 
C1s peak at 282.8 eV is conventional for carbides and can be attributed to B4C as well as 
LaC2. Fig. 46 reveals a considerable modulation in the La3d peak position for both cases, 
especially the B/La multilayer. This suggests that considerable amounts of a LaBx 

Figure 46: Peak shifts for B1s, (C1s), La3d5/2 and La3d5/2 (B) in the B4C/La (top) 
and B/La (bottom) multilayer in Fig 4. A 0.0 eV peak shift represents binding
energies of 188.0, (283.0), 836.0 and 832.5 eV for the respective materials. 
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compound are formed specifically in the B layers. Judging from the modulation in La3d 
peak position, B4C appears somewhat more resistant to LaB6 formation. 
 
Considering the kinetic and optical properties as shown in Table III, we can passivate 
both interfaces by applying kinetically more stable compounds such as BN and LaN at 
the interfaces that simultaneously increase optical contrast31. An interface of B or B4C 
with LaN should be entirely passivated against any interlayer formation. Nitridation of 
the interfaces is possible by bombardment with low energy N2

+ to avoid ion induced layer 
intermixture23. With non-destructive angular resolved XPS analysis of bilayered systems, 
we observe surfactant-mediated growth by weakly bonded N2 that diffuses from the 
substrate layer into the adlayer23. Multilayers with nitridated interfaces also show 
significantly improved layer contrast and reflectivity, as presented in the next chapter23,24. 
 

7.4 Conclusions 
In conclusion, we presented a survey of multilayer reflective optics for use in the 6.7 nm 
wavelength range at near normal AOI and analyzed their chemical reactivity. We 
modeled that La, Th and U are the optimum contrast materials in B or B4C spaced 
multilayers. With a suited experimental setup for Th and U deposition, the reflection 
bandwidth is calculated to improve by respectively ~50% to almost 300% in comparison 
to La, at the cost of 7% to 17% peak reflectance. B/La and B4C/La combinations offer the 
highest theoretical reflection, but especially B/La multilayers are observed to yield 
chemical reactivity and interlayer formation at the interfaces. This has detrimental effects 
on optical contrast and reflection, stressing the importance of techniques to passivate the 
interfaces and improves layer contrast by e.g. nitridation. Applications are in e.g. X-
FELs, next generations of Extreme UV photolithography, soft x-ray spectroscopy, 
fluorescence analysis and imaging. 
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8 Nitridation and contrast of B4C/La interfaces and multilayers 

8.1 Abstract 
Chemical diffusion and interlayer formation in thin layers and at interfaces is of 
increasing influence in nanoscopic devices such as nano-electronics, magneto-optical 
storage and multilayer x-ray optics. We show that with the nitridation of reactive B4C/La 
interfaces, both the chemical and optical contrast can be greatly enhanced. Although 
interaction and upward diffusion of N2 from the substrate towards the adlayer does occur, 
this surfactant mediated growth contributes to chemical and optical interface properties 
that enable major reflectivity improvements of multilayer optics for 6.7 < λ < 7.0 nm. 
 

8.2 Introduction 
Chemical reactivity and differences in lattice parameters and surface free energy are of 
significant influence on the morphology and kinetics in layer-on-layer growth1,2. 
Interfaces in e.g. B4C/La multilayer optics for B-Kα reflection (λ = 6.65 nm)3,4,5 suffer 
from surface segregation and exothermic interlayer formation via 

264 LaC 3  LaB 4  CB 6  La 7 +→+
6. Vapor or sputter deposition of B4C occurs in separate 

B and C atoms7,8, making the B4C-on-La interface even more reactive. Chemically 
inactive, high contrast interfaces are however essential for the optics. For reflection at 
near-normal angle of incidence (AOI), La/B4C multilayers considered as highly reflective 
coatings operating at λ = 6.65 nm typically require 200 periods of 2.0 nm thick B4C and 
1.6 nm thick La layers. Considering the formation enthalpy (∆Hfor), refractive index (n) 
and absorption constant (β) at λ = 6.65 nm for LaN, BN, LaB6, LaC2, B4C, and La as 
shown in Table III of chapter 7, we observe that passivation of the B4C/La interface is 
possible by nitridation, which would simultaneously improve the optical contrast, i.e. the 
reflectivity. Nitridation could also suppress roughening by grain formation9,10 and 
diffusion at elevated temperatures.  
 
The ∆Hfor values imply that B4C/LaN and BN/LaN interfaces are chemically inactive and 
do not suffer from LaB6 and LaC2 interlayer formation. IMD calculations11 indicate that a 
relative increase of 20% in peak reflection and bandwidth can be achieved in comparison 
to a 200 period B4C/La multilayers when LaN monolayers are created at every interface 
in a B4C/LaN/La/LaN multilayer.  
 

8.3 Experimental details 
To verify the calculations on kinetic and optical properties, we investigated the 
nitridation and chemical reactivity in La and B4C layers. These were grown by magnetron 
sputter deposition onto natively oxidized super polished Si (100) substrates in a Leybold 
Optics A1105 UHV facility with a base pressure of 1·10-6 Pa12. A Kaufmann source was 
used for N-ion beam treatment. To study the depth and diffusion range of the nitridation 
process, N-treatment was applied either during deposition (NIBAD), or after deposition 
of individual layers. The nitridation of La and B4C single-, bi- and multilayers is 
investigated using, angular resolved photoelectron spectroscopy (ARPES), cross-section 
transmission electron microscopy (CS-TEM) and selected area electron diffraction 
(SAED). For in-vacuo ARPES layer analysis and quantification13,14,15, we assume the 

8
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bulk densities of 6.73, 6.17, 2.25 and 2.37 g/cc for respectively LaN, La, BN and B4C16. 
Optical analysis of seven multilayers with nitridation steps at various stages is done with 
grazing incidence x-ray reflectometry (GIXR) and at-wavelength reflection 
measurements. 
 

8.4 Results and discussion 
For a post N-treatment of the B4C layer, we observe that the BN overlayer thickness is 
linearly dependant on the N2

+ beam voltage (Vb) in the 15 V to 120 V range. Over this 
range, we form 0.45 to 2.7 nm thick BN overlayers of similar composition as the BN 
obtained by NIBAD. In the case of La, already for the lowest N2

+ beam voltage applied, 
two additional La4d doublets can be identified at ~2 eV higher and lower than the 
elemental electron binding energy. We identify three N1s peaks at 395.8, 396.9 and 398.5 
eV. The spectral peaks hint at partial recombination to N2 that forms dinitrogen 
complexes and intermediates such as La(N2)17,18. Above ~100 Vb, the doublet that 
represents elemental La decreases. The La3d doublet shows only a slight increase at the 
low binding energy side, similar as observed for La2O3. With ARPES, we model19,20,21 
that post N-treatment with Vb = 70 V for 60 s. yields a 1.5 nm thick BN film on a B4C 
substrate layer, and a ~1.3 nm thick LaN film on a La substrate layer, i.e. slightly thinner 
than the 2.0 nm thick B4C and 1.6 nm thick La layers that are required for the multilayer. 
 
The chemical interaction in B4C/La interfaces is now investigated in three La-on-B4C and 
three B4C-on-La bilayers; either with post N-treatment or NIBAD of the substrate layer, 
or without N-treatment. For both post N-treatment and NIBAD, Vb = 70 V was used. 
  

 
 
Figure 47 shows the La3d5/2 and La4d XPS peaks for the three La-on-B4C bilayers. It 
reveals that upon nitridation of the B4C substrate layer on which the La layer is grown, 

Figure 47: The La3d5/2 and La4d peaks of the three discussed bilayers. 
For the La-on-B4C(N) interface, the B4C substrate layer was post N-
treated, for the La-on-BN interface, it was grown by NIBAD. 
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the La3d5/2 peak at 835.8 eV decreases while peaks at 835.0 and ~838.8 emerge. The 
La4d5/2 peak at 102.8 eV also decreases while a second doublet emerges at ~2 eV higher 
binding energy. This suggests that N2 diffuses from the B4C substrate layer, up into the 
La layer to form a LaN or La(N2) film that is approximately 0.3 nm thick. The observed 
nitridation of La is theoretically beneficial for the optical contrast, as earlier concluded 
from Table III. The La-on-BN interface, with NIBAD of the B4C substrate layer, is 
observed to suffer least from diffuseness and yields superior chemical contrast. 
 
For the case when a B4C layer is deposited onto a La layer, the highest contrast B4C-on-
La interface is obtained with NIBAD of the La substrate layer. Only in that case we 
observe a clear second La4d doublet at ~2 eV lower binding energy from LaN in addition 
to the elemental La4d doublet. There is no indication of La(N2) presence, possibly due to 
surface free energy driven upward diffusion22 of N2 into the B4C adlayer. By occupying 
the surface, the diffusing N2 could improve the B4C-on-LaN growth. With ARPES we 
observe that the N2 diffusion results in a BN film with a thickness of 0.6 nm for post- La 
deposition N-treatment, and of ~0.9 nm for NIBAD of the La. Due to the diffusion, the 
substrate layer retains only a 0.4 nm thick LaN film. From the bilayer experiments, we 
conclude that nitridation can enhance layer-by-layer growth both via chemical 
passivation and surfactant-mediated growth17 of diffusing N2 that is loosely bonded in 
dinitrogen complexes. 
 
For optical analysis of the interfaces, we have grown seven multilayers with 51 B4C/La 
periods; without nitridation (ML1), with NIBAD of both B4C and La (ML2), NIBAD of 
only the B4C (ML3), NIBAD of only the La (ML4), post N-treatment of both B4C and La 
(ML5), post N-treatment of only B4C (ML6), and post N-treatment of only La (ML7). In 
all cases, the same magnetron deposition times were used in order to investigate the 
effect of the N-treatment on layer thickness. We used XPS depth profiling with 0.5 keV 
Ar+ to determine the in-depth material distribution and compound formation in these 
multilayers. Noting that the relocation range of the ions can occasionally exceed the 
calculated penetration depth, the low energy sputtering induces only moderate ion beam 
mixing compared to the XPS probing depth23. 

 
Figure 48: XPS depth profile of a La/B4C multilayer. The inset 
shows the reflectivity curve at 1.5° AOI. 
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Figure 48 shows the XPS depth profile of the reference non-nitridated B4C/La multilayer 
(ML1) with a period of 3.540 nm thick and a La-ratio (Ґ) of 0.52, as established with 
GIXR at λ=0.154 nm. The approximate multilayer profile can be reconstructed with the 
mixing-roughness-information depth (MRI) model24,25,26,27. By using a calculated atomic 
mixing (gw) of 2 nm and an information depth (gλ) of 3 nm in linear approximation, we 
model a 0-100% interface gradient of 1 nm, leaving pure B4C and La layers of ~0.6 and 
0.8 nm thick respectively. These findings are supported by reflectometry, CS-TEM and 
XPS measurements and suggest that the interface gradient can partially be regarded as a 
LaB6 and LaC2 interlayer, which is thickest for the B4C-on-La interface. For individual 
layer thicknesses of up to 5.0 nm, no crystallization is visible in XRD6 and CS-TEM28. 
The reflection of 5.94% at λ = 7.00 nm, 1.5° AOI can be modeled29 by 1.5 and 0.5 nm 
thick interlayers at the B4C-on-La and La-on-B4C interfaces respectively, with an 
interface diffuseness of 0.47 nm. The values are in good agreement with GIXR results of 
J.-M. André et al.5. An extrapolated 37% reflection at λ = 7.00 nm for a 200 period 
multilayer would also be in accordance with results obtained by other growth methods30.  
 
To investigate the effect of N-treatment on the chemical reactivity and optical 
performance of a B4C/La multilayer, NIBAD of B4C and La is now applied (ML2). A 
N1s peak around 397.4 eV, a B1s peak at 190.0 eV, and two C1s peaks at 282.7 and 
286.0 eV indicate that all B and 40% of the C is bonded to N, possibly in a BN:C 
complex31. Judging from the C content, chemical etching via formation of volatile CN 
and C2N2 is limited, while sputtering or lower sticking of BN yields a more than 50% 
lower B content in the multilayer upon NIBAD. Modeling of the two doublets with 
La4d5/2 at 102.2 and 104.5 eV suggests that the majority of the La is nitridated and 
possibly in equilibrium with a La(N2) dinitrogen complex. GIXR confirms the very poor 
layer contrast, although a net period thickness increase to 4.460 nm can still be 
determined, attributable to significant layer swelling upon BN formation. The peak 
reflectance is only 0.04% at λ = 8.80 nm, 1.5° AOI. 
 
With NIBAD of only the B4C layer (ML3), the peak positions and the nitride quantity are 
similar to when NIBAD is used for B4C and La (ML2). The nitridation of La is only 
marginally decreased, confirming the significant N2 diffusion that we observed in the La-
on-BN bilayer. The XPS depth profile, CS-TEM, GIXR, and the peak reflection of 0.09% 
at λ = 10.88 nm, 1.5° AOI all reveal severe interdiffusion of the layers. The period 
thickness of 5.302 nm compared to 3.540 nm (ML2) confirms that NIBAD of B4C results 
in significant layer expansion. 
 
NIBAD of only the La layers (ML4) yields a multilayer period of 3.388 nm thick and Ґ < 
0.3. We observe two La4d doublets with the La4d5/2 peak at 101.6 and 103.9 eV in a 2:3 
ratio. The combined peak area suggests a 25% lower La content compared to the non-
nitridated multilayer (ML1). The peaks for B1s at 188.0 eV, C1s at 282.7 eV and N1s at 
397.4 eV indicate that no nitridation of B4C occurs and that the N resides in the midst of 
the La layer. In Cr/Sc multilayers that were grown in a N2 rich background vacuum, N 
was also observed to reside in the midst of the layers32,33. MRI reconstruction of the 
asymmetric multilayer depth profiles and GIXR modeling suggest that the 0-100% 
interface gradients are less than 0.2 and 0.6 nm thick for respectively the La-on-B4C and 
the B4C-on-La interface. CS-TEM and the 11.52% reflectivity at λ = 6.74 nm, 1.5° AOI 
confirm the lower diffusion and better layer localization than without nitridation (ML1), 
or with NIBAD of B4C (ML2, ML3). We model a reflectivity of 43% at λ = 6.72 nm for a 
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200 period multilayer. Nitridation of La thus appears the key step to obtain a major 
increase in reflectivity. 

 
 
We now address the effects of N-treatment after deposition of the La and B4C layers. A 
60 s. N-treatment both after completion of B4C and La (ML5) results in a period 
thickness increase to 4.34 nm and a decrease in Ґ to 0.30, again attributed to layer 
expansion upon N-treatment of B4C. The peak reflectance of 15.37% at 8.47 nm, 1.5° 
AOI suggests a high degree of periodicity and low interface diffuseness. The XPS depth 
profile of ML5 is shown in Fig. 49. Figure 49 reveals a high degree of localization for the 
B4C and BN, with possibly surfactant-mediated growth by N or N2. Based on MRI 
reconstruction and GIXR modeling, we estimate that the 0-100% interface gradients are 
less than 0.3 nm thick. The nitride content in the La layer shows a modest gradient from 
about 50% at the N-treated top to 60% at the bottom of the layer. This suggests that N2

+ is 
implanted deeper into the La layer and that nitridation starts from there, similar as in Si34. 
A 200 period multilayer is modeled to yield 51% reflection at λ = 6.72 nm and 44% at λ = 
7.00 nm. 
 
With post N-treatment of only the B4C layers (ML6), we observe a lower BN content at 
the La-on-B4C than when also the La layer is post N-treated (ML5). This confirms 
surfactant-mediated growth of B4C-on-LaN interfaces by N or N2 and subsequent 
nitridation of B4C. The prominent nitridation of the La implies a similar process at the 
other interface, with N2 diffusion from the previously N-treated B4C layer surface. The 
period is 4.190 nm thick, Ґ is 0.44 and the peak reflectivity is 11.48% at λ = 8.22 nm. A 
200 period multilayer is modeled to reflect 29% at λ = 6.72 nm and 23% at λ = 7.00 nm. 
 
Finally, when only the La layers are post N-treated (ML7) we observe that about 60% of 
the La is nitridated, and in addition BN is observed at the La-on-B4C interface. This 
suggests N implantation deep into the La layer and diffusion to the subsurface interface 
that possibly acts as precursor for nitridation7,35. The period is 4.000 nm thick and Ґ is 

Figure 49: XPS depth profile of a La/B4C multilayer with 60 s. N-
treatment after each layer. Brackets denote chemical bonds to
other elements. The inset shows the reflectivity curve at 1.5° AOI. 
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0.46 for this multilayer. The increase in period thickness compared to 3.540 nm (ML1) 
appears solely attributable to the BN formation that was observed in the B4C-on-La(N) 
bilayer and in Fig. 49. The peak reflectance is 15.53% at λ = 7.85 nm. A 200 period 
multilayer is modeled to yield 45% reflection at λ = 6.72 nm and 39% at λ = 7.00 nm. The 
dramatic reflectivity improvement that is obtained with post N-treatment of B4C and/or 
La in comparison to NIBAD is partially explained by better localization of the nitrides at 
the interfaces. Especially BN has a higher optical absorption than B4C (Table III). 
 

8.5 Conclusions 
In conclusion, the investigations on B4C and La layer nitridation by N2

+ bombardment 
have shown that the B4C/La interface gradient can be substantially decreased by 
nitridation of the interface. The highest best results are achieved when the La and B4C, or 
only the La layers are post N-treated. From the experimental results, extrapolated IMD 
modeling suggests peak reflectivities of up 51% at λ = 6.72 nm for a 200 period 
multilayer. Complete interdiffusion is observed upon NIBAD of B4C. The N2

+ 
bombardment of La appears to yield an equilibrium that involves dinitrogen complexes. 
The loosely bound N or N2 in the B4C or La substrate layers partially diffuses into the 
adlayer, resulting in surfactant mediated adlayer growth. Subsequent nitridation of the 
adlayer is observed, yielding nitridated interfaces that are chemically inactive to LaB6 
and LaC2 interlayer formation. B4C swells considerably upon nitridation, while the B 
content is significantly lower. Reflectometry and CS-TEM reveal that these processes 
occur without significantly affecting interface diffuseness in the case of post N2

+ 
bombardment.  
 
In effect, we substantially improved optical contrast, reflectivity maximum and 
bandwidth in La/B4C multilayers by applying N-treatment after individual layer growth. 
This makes application in reflective optics highly advantageous for e.g. free electron 
lasers such as FLASH, next generation photolithography, soft x-ray spectroscopy, 
fluorescence analysis and imaging. 
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9 Valorisation and Outlook 

9.1 Photolithography for Society 
Photolithography has since the invention of the transistor in 1947 been the key and most 
critical step in manufacturing semiconductor devices in the 207 billion dollar1 chip 
industry. The highly competitive and innovative technique has enabled the 
miniaturization process of integrated circuits (ICs) by imaging the electrical circuitry 
patterns from a mask onto semiconductor wafers coated with photo resist. ASML alone, 
the market leader in optical lithography and contractor for this research, employs 6,750 
people at 60 locations in 16 countries and booked a record turnover of 3.8 billion euro in 
2007, with an average selling price of approximately 16 million euro per commercial 
lithography tool. Although the international semiconductor community has clearly been 
affected by the economical crisis that started in 2008, industry agrees that funding for 
R&D remains necessary to meet the future market demands. 
 
This research project is the first to be fully carried out as part of the FOM Industrial 
Partnership Program I10 (‘XMO’), under contract with Carl Zeiss SMT AG. The 
motivation and broader context of the research has been described in sections 1.1 and 1.2. 
During the course of this research, several results proved to be of exceptional interest to 
the application of multilayer optics in EUVL. The awareness of valorisation and 
patenting possibilities during this project go hand in hand with the recent policy notes and 
review reports of STW and FOM on “physics for society”. The patents and other 
valorisation opportunities that followed from this research project could generally be 
filed in parallel to the scientific publications with minor delay. This chapter describes the 
valorisation and outlook on potential spin-offs of the research presented in this thesis. 
 

9.2 Improving the Optics Lifetime 
One of the most strenuous and ambitious goals in the XMO program during the course of 
this PhD research project was to further increase the effective optics lifetime from 300 to 
30.000 hours, with less than 2% reflectivity loss per multilayer being allowed during 
operational lifetime. The lifetime is for a large part limited by oxidation processes that 
occur already in ambient environment and further accelerate during the intense 
illumination under lithography tool vacuum background conditions. The oxidation is 
generally considered to be irreversible and could hinder the economic applicability of 
EUVL. The results presented in Fig. 17 and 18 of chapter 3 show that 0.3 nm thick 
surface layers of Ni and Co sacrificially prevent oxidation of the underneath Mo in 
ambient environment. For other surface layers, thicknesses of 1.5 nm or more are 
typically required to prevent underlying Mo oxidation. If the results are similar under 
EUV illumination, application in multilayer optics increases their active lifetime without 
a significant loss of initial multilayer peak reflectance due to absorption in the surface 
layer. In the field of nano-devices, Ni or Co could prevent the oxidation of e.g. essential 
electronic parts that need to remain entirely metallic. The results received great interest of 
Carl Zeiss in the search for capping layers that enable the requirements on the lifetime of 
optics. During oral conference presentations, scientific interest has initiated a broader 
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collaboration with the Thin Film Physics department of Linköping University in Sweden 
on e.g. the research that is presented in chapter 8.  
 
In ambient environment, and in lithography tool vacuum under the enormous radiation 
fluxes of the EUV source, hydrocarbons absorb and dissociate at the surface2,3,4,5. This 
results in condensed carbonaceous and oxide contaminants at the nanolayer surface6,7,8. 
Several methods to reduce this have been explored in the EUVL community, including a 
more oxidative tool vacuum, and off-line cleaning with thermally dissociated atomic H. 
The first method has the inherent risk of irreversible damage to the multilayer optics, 
although the results as presented in chapter 3 might resolve this problem. The loss of 
effective imaging time for off-line cleaning with thermally dissociated atomic H was 
found to be economically unacceptable. Cleaning of the surface should instead be 
performed on-line during EUV illumination, without loss of imaging time. Together with 
the filament for dissociation, this exposes the multilayer optics to heat loads that cannot 
be effectively cooled and lead to irreversible degradation by diffusion. In extension of the 
research of chapter 3, the non-destructive cleaning of caps by catalytically dissociated H 
has been investigated in chapter 4. Catalytic dissociation yields atoms with very low 
kinetic energy and reduces the risk of multilayer surface erosion, of which we found no 
indication. The heat load on the multilayer remains well below the load during EUV 
illumination, and the technique is applicable for on-line use. It is currently being 
considered for implementation in next lithography tools. 
 
The chemical characterization of surfaces that were exposed to atomic H exposure has 
revealed that next to partial removal of the carbonaceous contaminants, also the oxidized 
capping layers can be completely reduced to metallic state. This enables a more effective 
way for faster cleaning of carbonaceous contamination by atomic O. Dissociation of O2 
was not possible by the conventional hot wire method, but can be readily achieved by the 
catalytic dissociation method that was employed in chapter 4. Cleaning with atomic O 
removes the carbonaceous contamination more effectively and leaves a clean metal oxide 
surface without erosion of the multilayer via volatile metal oxides. Full metallic state of 
the surface is recovered by atomic H treatment, offering an attractive technique of non-
destructive surface cleaning of the optical elements in lithography. The findings could 
readily be applied in the rapidly growing field of nano-devices to control oxidation that 
would render electronics useless. The research is also connected to the more or less 
reversed process of photo dissociation of water to oxygen and hydrogen for production of 
clean fuels. This is currently studied at Rijnhuizen in the new research theme ‘physics for 
energy’. 
 
Another limiting factor in the lifetime of optics is chemical reactivity and diffusion in the 
multilayer. Interlayer formation and the loss of interface contrast reduce coherent 
interference and thus reflectivity. In chapters 5 and 6, the in-depth distribution and 
chemical state of the elements in the surface region of multilayers is investigated. The use 
of B4C to reduce diffusion yields dissociation and diffusion of B to this interface. 
Silicides and borides, notably RuSix and MoBx, are formed at the Si-on-Mo interface 
front rather than in the midst of the Si layer. The MoB is a stable compound that does 
appear to reduce diffusion and has optically favorable properties for EUV. During the 
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course of this research, the invention of MoBx interface diffusion barriers has been 
patented by Carl Zeiss for application in multilayer optics9. 
 

9.3 Beyond EUVL  
In chapter 7 of this thesis, we have already initiated research on the physical challenges 
for optics that are required for e.g. X-ray Free Electron Lasers and lithography beyond 
the wavelength of 13.5 nm. In line with ASML and Carl Zeiss, we anticipate on further 
development of lithography at 6.65 < λ < 7.00 nm. The computational survey on suitable 
reflective multilayer optics in chapter 7 includes combinations of B or B4C with metals 
such as La, Th and U. The reflection bandwidth of a standard B4C/La multilayer is 
typically only 0.06 nm. Together with the significant chemical activity that we observed 
in B/La and B4C multilayers, this poses a major concern for wavelength matching of the 
optics to the source in lithography applications. We calculate that at the cost of several to 
tens of percents peak reflectivity, the reflection bandwidth can theoretically be increased 
by a factor three with Th or U instead of La, opening the door to broadband reflective 
optics for  6.65 < λ < 7.00 nm. 
 
Considering that Th or U can generally not be used in experimental setups, and that peak 
reflectivity is the major issue, improvements of B4C/La multilayers have been 
investigated in chapter 8. Approaching this challenge from a kinetic and optical 
perspective, we modeled that nitridation of the interfaces significantly increases their 
chemical and optical contrast. This can increase both the reflection maximum and the 
bandwidth. Our investigation of the diffusion and surfactant-mediated growth of 
nitridated B4C/La interfaces have shown that the performance is indeed much improved. 
The results obtained and their relevance to innovations in photolithography were 
immediately recognized and patented by Carl Zeiss10. For further valorisation, we are 
currently performing pilot experiments at the FLASH free electron laser to study and 
improve the optics lifetime upon illumination. The research as a whole is scheduled to be 
continued through a recently funded STW project with the Technical University of 
Twente, in close collaboration with the potential end users, e.g. ASML and Carl Zeiss. 
 
With the aim to fully exploit physics for society, our ValoRIGHT proposal has recently 
been granted to open a “Valorisation officer” position at the Rijnhuizen Institute for 
Plasma Physics. This officer is to create awareness, make an inventory and explore 
further possibilities for valorisation of the research performed in this institute. The 
interaction with interested parties and patent lawyers will also be facilitated. 
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10 Summary 
In the broad scientific field of thin films, applications have rapidly expanded since the 
second half of the 20th century, as has been described in the valorization chapter. This 
thesis describes research at the interface between surface chemistry and physics. The 
characterization of d-metal surface nanolayer caps in chapter 3 has revealed that they can 
actually promote oxidation of the Mo layer on which they are deposited. Vise versa, Ni 
and Co caps themselves oxidize, but in monolayer quantities already prevent Mo 
oxidation. We attribute these observations to sacrificial e- donation, and in the case of Au 
and Cu, also to roughening of the surface. Chapter 4 shows that all cap oxide and part of 
the MoO3 can be reduced by atomic H exposure, which also removes part of the 
carbonaceous contaminants that absorb on the surface both in ambient air and during use 
in lithography tools. The carbonaceous contaminants are hydrogenated to volatile 
hydrocarbons that desorp from the surface. Atomic O exposure removes remaining C and 
leaves a clean metal oxide surface without erosion via volatile metal oxides. With 
subsequent atomic H treatment, this offers an attractive technique for non-destructive 
surface cleaning of the optical elements in lithography. 
 
The in-depth chemical and vacancy mediated diffusion have further been investigated in 
chapter 5 and 6 with XPS, AES, CS-EELS, HAADF-STEM and EDX. Several capping 
layers and boron are observed to diffuse into and through the underlying Mo, B4C and Si 
layers without significant chemical interaction, towards the subsurface Si-on-Mo 
interface, where d-metal silicide formation and agglomeration occurs. Rather than in the 
mid-Si layer, kinetically favorable silicides and borides are formed at the Si-on-Mo 
interface front, notably RuSix and MoBx. The MoBx appeared to be an attractive barrier 
material and has been patented. Reversed “substrate-on-adlayer” interfaces can yield 
entirely suppressed reactivity and diffusion, stressing the influence of surface free energy 
and the supply of atoms to the interface via segregation on thin layer growth. 
 
Chemical diffusion and LaB6 and LaC2 interlayer formation in La/B4C multilayers for 
reflection of wavelengths just above 6.65 nm have been studied in chapter 7 and 8. The 
research in chapter 8 reveals surfactant mediated growth and chemical stabilization of the 
La/B4C interface by nitridation. We have shown in chapter 8 that B4C is more readily 
nitridated by N2

+ bombardment during or after growth than La, which apparently yields 
an equilibrium that involves dinitrogen complexes. The loosely bound N or N2 in the 
La/B4C interface substrate partially diffuses into the adlayer, resulting in surfactant 
mediated growth. Subsequent nitridation of the adlayer is observed, yielding nitridated 
interfaces that are chemically inactive to LaB6 and LaC2 interlayer formation. These 
processes occur without significantly affecting interface diffuseness when N2

+ 
bombardment is applied after individual layer growth, yielding local BN and more 
diffuse LaN formation. Complete interdiffusion is observed when N2

+ bombardment is 
applied during B4C growth. Nitridation of the interfaces has greatly improved the 
reflective properties of La/B4C multilayers. This makes application in reflective optics 
highly advantageous for short-wavelength light sources, e.g. the FLASH free electron 
laser, next generation photolithography beyond EUVL, soft x-ray spectroscopy, Rontgen 
fluorescence analysis and imaging. 
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11 Samenvatting 
Op het brede wetenschappelijke gebied van dunne films hebben de toepassingen zich 
sinds de tweede helft van de 20e eeuw snel uitgebreid, zoals in het valorisatiehoofdstuk is 
beschreven. Deze dissertatie beschrijft onderzoek op het grensvlak van 
oppervlaktechemie en fysica. De karakterisering van beschermende d-metaal oppervlakte 
nanolagen (caps) in hoofdstuk 3 heeft aangetoond dat ze de oxidatie van de Mo laag 
waarop ze worden aangegroeid kunnen bevorderen. Omgekeerd blijken Ni en Co caps 
zelf wel sterk te oxideren maar voorkomen ze al in monolaag-hoeveelheden de oxidatie 
van Mo. We schrijven deze observaties toe aan e- donatie, en in het geval van Au en Cu 
ook aan verruwing van het oppervlak. Hoofdstuk 4 toont dat al het cap oxide en een deel 
van het MoO3 door blootstelling aan atomair waterstof kan worden verminderd, een 
methode die ook een deel van de koolstofhoudende contaminatie verwijderd. De 
koolstofhoudende contaminatie adsorbeert zowel in atmosfeer als tijdens gebruik in 
lithografieapparaten aan het oppervlak. Het wordt gehydrogeneerd tot vluchtige 
koolwaterstoffen die desorberen van het oppervlak. De blootstelling aan atomair zuurstof 
verwijdert het resterende C en resulteert in een schoon metaaloxideoppervlak zonder 
erosie via vluchtige metaaloxides. Blootstelling aan katalytisch gedissocieerd zuurstof en 
waterstof biedt zo een aantrekkelijke en niet-destructieve techniek voor het reinigen van 
het oppervlak van de optische elementen in lithografie. 
 
De chemische en vrije roosterruimte geïnduceerde diffusie in de diepte zijn verder 
onderzocht in hoofdstukken 5 en 6 met XPS, AES, CS-TEM, HAADF-STEM en EDX. 
Verscheidene caps en ook boor blijken zonder significante chemische interactie in en 
door de onderliggende Mo, B4C and Si lagen heen naar de Si-op-Mo grenslaag te 
diffunderen, waar het d-metaal een silicide vormt en agglomereert. In plaats van midden 
in de Si laag vormen kinetisch geprefereerde silicides en borides zich aan de Si-op-Mo 
grenslaag, in het bijzonder RuSix en MoBx. MoBx bleek ook een aantrekkelijk barrière 
materiaal te zijn en is gepatenteerd. Omgekeerde, “substraat-op-adsorbaat” grenslagen 
kunnen in volledig onderdrukte reactiviteit en diffusie resulteren, wat bij dunne laaggroei 
de invloed benadrukt van oppervlakte vrije energie en de aanvoer van atomen naar de 
grenslaag via segregatie. 
 
Chemische diffusie en LaB6 en LaC2 tussenlaagvorming in La/B4C multilagen voor 
reflectie van een golflengte net boven de 6.65 nm zijn in hoofdstuk 7 en 8 bestudeerd. 
Het onderzoek in hoofdstuk 8 toont aan dat bij nitridatie het stikstof deels diffundeert 
naar het oppervlak en door surfactant mediated groei zo de La/B4C grenslaag kan 
stabiliseren. We hebben in hoofdstuk 8 aangetoond dat B4C makkelijker genitrideerd 
wordt door N2

+ bombardement tijdens of na de groei dan La, waarbij een evenwicht met 
distikstofcomplexen ontstaat. Zwak gebonden N of N2 in de onderliggende laag bij de 
La/B4C grenslaag diffundeert gedeeltelijk naar de bovenliggende laag, wat resulteert in 
surfactant mediated groei. Verdere nitridatie van die laag resulteert in genitrideerde 
grenslagen die chemisch inactief zijn voor LaB6 en LaC2 tussenlaagvorming. Deze 
processen vinden plaats zonder de ruwheid van de grenslaag significant te beïnvloeden 
wanneer het N2

+ bombardement na de individuele laaggroei wordt toegepast, resulterend 
in lokale BN en meer diffuse LaN vorming. Volledige interdiffusie vindt plaats wanneer 
het N2

+ bombardement tijdens groei van de B4C wordt toegepast. Nitridatie van de 
grenslagen heeft de reflectie-eigenschappen van La/B4C multilagen sterk verbeterd. Dit 
maakt de techniek zeer aantrekkelijk bij toepassing in reflecterende optica voor 
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lichtbronnen van korte golflengten, bv. de FLASH vrije elektronenlaser, de volgende 
generatie fotolithografie na EUVL, soft x-ray spectroscopie, en röntgenfluorescentie-
analyse en afbeelding. 
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12 Analytical recommendations 
During the course of this research, several analytical techniques have been considered to 
investigate the processes that occur at the multilayer surface. For chapters 3 and 4, the 
use of Reflection Absorption Infra-Red Spectroscopy (RAIRS) has been explored to 
identify the hydrocarbon species. Next to ellipsometry and the analysis of surface 
acoustic waves, RAIRS is in consideration for in-situ characterization of the multilayer 
photochemistry. The multilayered structure has so far proved to be unsuited for analysis 
of the surface. The spectrum was dominated by vibrations that originated from the 
crystalline Si substrate wafer or multilayer stack. The options to grow single layers on 
more suitable substrates, e.g. gold, will be further explored to obtain high surface 
sensitivity and unique insight in the nature of the adsorbents on multilayer surfaces.  
 
In chapter 4, the surface monolayer of several multilayers was studied with Low Energy 
Ion Scattering (LEIS). The effect of oxygen plasma exposure supported our findings on 
atomic oxygen exposure to clean multilayer surfaces. It is also exploited in a novel way 
to study the diffusion of Mo and Si through B4C barrier layers, which has overlap with 
the research as described in chapter 6, and the patent on MoB diffusion barriers. The 
related technique of scanning helium ion microscopy is currently further being developed 
in context of the new CP3E industrial partnership program to accommodate the main 
research topics of multilayer surface contamination and cleaning. In-vacuo, LEIS has the 
best potential to obtain information on the surface monolayer. 
 
For the investigation of surface morphology, atomic force microscopy (AFM) was used. 
It provided supporting evidence that Au and Cu capping layers on Mo grow in islands 
and yield significant roughening of the surface, promoting the oxidation of Mo. The 
deposition, chemical treatment, and analysis facility has recently been expanded with in-
vacuo scanning tunneling microscopy (STM), which will be exploited in addition to 
AFM to further investigate the morphology of the surface upon illumination and 
cleaning. 
 
For the chapters handling chemical diffusion, the use of Extended X-ray Absorption Fine 
Structure is considered to enable characterization of nearest neighbors in unit cells. A 
proposal for such research has been granted. Beside the Transmission Electron 
Spectroscopy (TEM) with Energy Dispersive X-ray analysis (EDX) and Electron Energy 
Loss Spectroscopy (EELS) that were used and can be further exploited for cross section 
characterization, also Electron Recoil Detection (ERD) is planned in collaboration with 
the Linköping University. 
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