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Chapter 1: Introduction 

Graphene, at atomic scale thickness the thinnest known membrane material, is strong 

enough to be considered free-standing at macroscopic membrane dimensions. This 

feature gives rise to special physical properties and various optical application 

perspectives.1 The particular challenge explored in this thesis is to find the relevant 

physical and chemical processes that play a role in the use of graphene membranes and 

supported graphene films for short wavelength optical applications. In the Extreme UV 

to soft X-ray range, protective materials are required to shield sensitive optics (e.g. 

multilayer reflective and transmission optics), such as in the case of synchrotron 

radiation optics and extreme UV lithography optical systems. These protective 

materials need to be thin, strong and transparent. Current solutions for protective 

materials cannot yet fulfill all of these requirements at the same time, and 2D materials 

like graphene have new potential. In literature, graphene has been shown to surpass 

current materials for properties such as high tensile strength and transmission in the 

EUV to soft X-ray wavelengths while being one atomic layer thick.2,3 

1.1. Graphene and its production 

Basically, graphene is a single sheet of carbon, consisting only of hexagonally 

structured and covalently bound atoms. Graphene, a two dimensional allotrope of 

carbon, is known to be nearly optically transparent, conductive, flexible, with a high 

tensile strength and thermal stability.4 Each carbon atom is linked in this honeycomb 

lattice with four bonds, 0.142 nm apart: one σ bond with three neighboring atoms and 

one π bond, being slightly out of plane (shown in Figure 1.1). 5 When graphene was 

first physically isolated in 2004, it increased its popularity for applications ranging from 

electronic (photovoltaics and electrodes) to chemical (water purification and 

waterproof ink) both of which are described later in this section. 6-10 
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Figure 1.1. (a) Graphene hexagonal structure and (b) schematic structure shown 

on the right describing bond length and types. 

Graphene production techniques seen earlier involved cleaving bulk graphite or 

reducing graphite oxide. 11 Another method for producing graphene is growing it 

epitaxially by thermally decomposing bulk silicon carbide, with the drawback being 

that graphene could not be transferred onto another surface. 12 However, these 

methods are not economically and technically feasible to produce graphene on a larger 

scale, therefore, chemical vapor deposition (CVD) was introduced to produce 

graphene. 13 In a CVD process, graphene is grown on a polycrystalline or single 

crystalline metal such as copper or nickel.  

When using Cu as the growth surface (which acts as a catalyst), Cu, usually in the 

form of a thin foil, is exposed CH4, H2 and Ar and heated up to high temperatures of 

up to 1000 °C. CH4, in turn, undergoes pyrolysis to form one layer of graphene on both 

sides of the Cu foil. 14 In order to study (electronic) properties of the formed graphene 

layer and/or use the formed graphene for applications, it is usually required to release 

the graphene layer from the Cu surface by exfoliation or separation. Therefore, a 

support polymer such as polymethylmethacrylate (PMMA) is used to facilitate the 

transfer process from the Cu foil onto a different substrate. After application of this 

support polymer, the Cu foil can be etched away, such that the graphene film can be 

placed on a substrate of choice. Finally, the PMMA is removed either by annealing or 

dissolving in acetone. 13 However, the transfer process does cause additional issues: 

1.42 Å σ

π

(a) (b)
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damage to the graphene layer during handling and PMMA residue left on graphene. 

Furthermore, as graphene mimics the orientation and morphology of the Cu layer it is 

grown on, contact between graphene and the alternate substrate is poor. 15,16 

Another method of transferring graphene involves multi-layer graphene growth on a 

molybdenum substrate. In this case, the molybdenum substrate is back etched using 

H2O2, leaving little residue as compared to PMMA. When using metals bi/few-layer (1–

3 nm thick grown on Ni) or multi-layer graphene is grown (5-8 nm grown on Mo),  

whereas graphene growth on Cu which always results in a single layer. 17,18   This is due 

to carbon’s low solubility in Cu, which results in surface adsorption and a self-limiting 

process. 19 However, graphene on other metal surfaces are shown to grow via 

segregation or precipitation, resulting in few or multiple layers. 20,21 

Graphene is known to have high mechanical strength due to its covalently bound 

carbon lattice structure, with a tensile strength of 130 GPa. Perfect graphene is also 

known to be extremely elastic, with a Young’s modulus of 1 TPa. 2 However, due to 

defects in the lattice structure and damage during growth and/or transfer the 

experimental elastic modulus lowers to 500 GPa or 170 N/m2. 2,22 Despite that, the 

Young’s modulus of graphene is much higher than common semiconductor materials 

such as silicon (165 GPa) and germanium (100 GPa). 23 

Optically, graphene is known to only absorb 2% of visible light and 0.1% of extreme 

ultraviolet (XUV) light (l = 13.5 nm) in the short-wavelength range per single layer. 3 

The optical absorption is related to the electronic properties of graphene, as electrons 

have very high mobility across graphene. Graphene’s opacity for visible light is due to 

the fine structure constant which stipulates that absorption of light is dependent on the 

conductivity of the material. 24 On the other hand, soft X-ray (SXR) and XUV absorption 

is dependent on absorption by core electrons and the secondary electron yield of a 

material. Graphene, being a single atomic layer of light atoms, therefore has a high 

SXR and XUV transmission. 
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Contemporary and future generations of lithography are required to work with XUV 

light, which requires reflective optics for illumination and imaging, as well as 

transmissive optics for use in e.g. spectral purity filters and pellicles. 25-27XUV (13.5 nm) 

photons have a high photon energy of 92 eV, which creates a highly reactive 

environment in combination with background gases in lithography equipment. This 

may be detrimental to the optical materials inside the lithography tool. Furthermore, 

particulate contaminants generated in a lithography tool could adhere to the mask, 

which is imaged on the wafer. To prevent these issues, capping layers are placed on 

XUV optics and pellicles are placed on XUV masks. Both capping layers and pellicles 

are protective materials that need to be transparent and chemically inert. Additionally, 

capping layers need to impermeable to reactive gases and pellicles should be 

mechanically strong. Presently, current XUV capping layers and pellicles do not 

completely satisfy all the requirements such as transmission, tensile strength and 

chemical stability. In this thesis, we discuss XUV irradiation and its effect on a novel 

capping layer and pellicle candidate: graphene. 

One of the main industrial interests in graphene is driven due to the possibility to use 

graphene as flexible conductor, such as in the case of wearable electronics like pressure 

and body motion sensors. 28 Also, the high carrier mobility has driven interest in 

graphene as material for field effect transistors. 29 This is done by modifying graphene 

(such as graphene oxide) to create an artificial band gap to act as a semiconductor, and 

eventually graphene transistors. 30,31 Other commercial interests have included the use 

of graphene as a selectively permeable membrane for use in distillation of liquids such 

as ethanol and water,  and as a supercapacitor which would be implemented as a high 

capacity battery. 7,32-34 Furthermore, graphenic carbon can be used as a transmission 

window in SXR optics due to its high mechanical stability and transparency in the low 

energy photon region (0.1 – 3 keV). 35 

1.2. Characterization techniques and experimental methods 

Graphene, being one atomic layer thick, with sp2 bonded atoms, is extremely difficult 

to characterize using spectroscopic techniques as the low thickness readily results in 
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backscattering from its support substrate. This results in interference and makes it 

challenging to individually characterize graphene.  

1.2.1. Raman Spectroscopy 

Raman spectroscopy is used to observe low frequency modes (400 – 4000 cm-1) in a 

molecular system. Raman spectroscopy is dependent on inelastic scattering, when the 

surface is excited by a monochromatic source such as a laser. It is extremely weak in 

intensity, with less than 1% of inelastically scattered light (anti-Stokes Raman 

scattering), which needs to be filtered from the elastically scattered light (Rayleigh 

scattering). Modern Raman spectrometers employ the use of edge or notch filters to 

reduce the intensity of Rayleigh scattering. 

Raman spectroscopy is a quick and non-destructive technique to analyze a graphene 

layer. Graphene is known to have three distinct peaks in a Raman spectrum: the D peak 

(1350 cm-1), the G peak (1590 cm-1) and the 2D peak (2700 cm-1). This is further 

described in Figure 1.2. The D peak is activated only in the presence of a vacancy defect, 

which means a perfect graphene layer would only have G and 2D peaks in the spectra. 

The G band is associated with an E2g phonon mode and is a first-order Raman scattering 

process in graphene. In contrast, the D and 2D peaks originate from a second order 

process, due to a double resonance Raman process. In addition, another peak 2450 cm-

1 (G*) is recorded, which was first reported in graphite,  and its interpretation is still a 

point of contention. 36 Furthermore, the 2D peak intensity and width is directly 

dependent on the number of graphene layers, with a higher intensity translating to a 

lower number of graphene layers. 37 
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Figure 1.2. Raman spectra (excitation wavelength = 514 nm) of both single and 

multi-layer graphene. The D, G, G* and 2D peaks in a Raman spectrum are noted 

in each case.  

The defect density of graphene is often expressed in the ratio of I(D)/I(G) with a 

higher ratio indicating a more defective graphene layer. However, in some cases the 

underlying substrate for supported graphene interferes with the measurement of 

I(D)/I(G) ratios. 38 For example, when using an underlying substrate such as Si, 

fluorescence is seen in Raman spectra, which interferes with the D and G peaks of 

graphene, making a measurement of I(D)/I(G) impossible. Therefore, it is more 

suitable to transfer graphene onto a metal surface. 38,39 
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Using Raman spectroscopy, it is also possible to quantify defects in graphene. In this 

case, the I(D)/I(G) ratio is instrumental to calculating the inter-defect distance between 

point-like defects in the graphene layer for a specific laser energy. 40  

1.2.2. Reflection Absorption Infrared Spectroscopy (RAIRS) 

Infrared spectroscopy is used to study the interaction between vibrational modes of 

molecules or molecular groups on a surface. As bond structures absorb resonant IR 

frequencies characteristic to their structure, the IR absorption of molecules adsorbed 

on a surface is highly dependent on the orientation and vibronic coupling with respect 

to the surface. Vibrational modes are only IR active when changes in dipole moment 

take place. 41 

RAIRS requires the use of an infrared light beam reflected from an IR reflective 

surface (usually a metal) with an adsorbed layer of molecules (such as H2O or CO2). 

Depending on the adsorbed species, the change in vibrational modes, phase transitions 

and out of plane interactions can be studied in-situ. In the case of a metal, RAIRS is 

extremely useful to analyze catalytic reactions occurring between an adsorbed specie 

and the surface. 42,43 

Furthermore, like Raman spectroscopy, RAIRS is a non-destructive technique. 

Graphene, if defective by exposure to reactive hydrogen species, could result in 

vibrational modes of C-H bonds with peaks at 2800-3000 cm-1, due to dangling C bonds 

at the edges of graphene or large scale defects within graphene. 44 

However, RAIRS signals are extremely weak and susceptible to minute changes to 

the surface. Moreover, in-plane vibrational modes cannot be discerned for molecules 

or molecular groups on metallic samples, due to dipole selection rules. Peak intensities 

of vibrations observed by this technique often depend on interaction of molecular 
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groups with their surrounding and therefore quantitative estimation of coverage of 

molecules from RAIRS alone is not possible. 45  

1.2.3. Temperature Programmed Desorption 

Temperature Programmed Desorption (or thermal desorption spectroscopy), as the 

name implies, measures the temperature at which certain adsorbed molecules desorb 

from the sample surface. For this technique, sample heating is controlled using a 

temperature controller and a thermocouple (or other temperature sensor). For 

controlled surface desorption studies, the aperture of the housing of a mass 

spectrometer is placed extremely close to the surface (~1 mm), to avoid background 

signal from desorption of molecules from e.g. the sample mounting. By monitoring 

peak intensities from the mass spectrometer versus desorption temperature, TPD 

provides the desorption energy and quantitative coverage of the adsorbed molecules 

on the surface. Unlike Raman spectroscopy, TPD involves heating and therefore 

irreversible changes the coverage of adsorbed molecules and/or surface during 

measurement. 46,47  

As TPD involves measuring small molecular masses, residual gases within the 

experimental chamber will adversely affect the measurements. The technique therefore 

requires the use of an Ultra High Vacuum system.  

1.2.4. Other characterization techniques 

Scanning Electron microscopy is a characterization method to examine the 

topography, morphology, orientation and composition of materials. An electron beam 

is used to scan a conducting sample surface. On non-conducting samples, 

measurements would suffer from charge accumulating on the surface. Fine structural 

features of transferred graphene sheets like wrinkles, folding lines, layers of graphene, 

or defects, can be easily determined. As reported in literature, graphene is highly 

sensitive to SEM imaging conditions. Therefore a low acceleration voltage (1 keV) has 

to be used to image the layer. 48 Other mechanical intricacies such as bulging and 
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trenches and presence of trapped gas within graphene or graphene layers can be 

determined when using a SEM. 49 

Atomic Force Microscopy can be used to determine the topography, roughness and 

thickness of the graphene layer. Tapping mode AFM is a usually non-destructive 

method to investigate the roughness of a graphene layer based on the interaction 

between the AFM tip and the surface. Furthermore, stress-displacement curves can be 

used to study the elastic strength of a free-standing membrane. In this case, stress is 

applied with an AFM tip onto a free-standing graphene drum shape, until the free-

standing film fractures. Using a stress-displacement equation, a 2D elastic modulus can 

be calculated for a specific free-standing graphene layer. 2 

X-ray photoelectron spectroscopy (XPS) is used to measure the elemental 

composition and atomic concentration of the topmost few nm of a sample. Additionally, 

the measured binding energy of photoelectrons can be used to probe chemical shifts 

due to formation of (thin film) compounds or molecules at or near the surface. 

Graphene, being mostly sp2 carbon, has a binding energy of 284.3 ±0.1 eV. 50 The 

elemental composition of different carbon bonds can also be determined, such as C-O 

groups, indicating the formation of defects and oxygenated graphene layers. 

Furthermore, the ratio of sp2 to sp3 bonded carbon atoms can be distinguished using 

XPS. This ratio is highly dependent on preparation method and contaminants in 

graphene/carbon. 51-53   

1.2.5. Experimental techniques for XUV and atomic H exposure 

To generate the XUV photons used in this thesis experiments, a Philips XUV Alpha 

Source (Xe plasma discharge) is used at a repetition rate of 500 Hz. XUV light is filtered 

by reflecting off a Mo/Si multilayer mirror (55% at 13.5 nm) and transmitting through 

a Si/Mo/Zr membrane (35% transmission at 13.5 nm). 25 A combined peak 

transmission of 19% is achieved at 13.5 nm with a full width half maximum (FWHM) 

of 0.2 nm. Additionally, a broad reflectivity peak of 9% at 21.5 nm with a FWHM of 

3.1 nm is also observed. 3,54,55 XUV pulse fluence is shown to vary from 90 to 110 
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µJ/cm2, with an average intensity of 35-55 mW/cm2 (sample spot size 3 mm at FWHM) 

during the exposure.  

Atomic hydrogen exposure of graphene is conducted in a vacuum chamber with a 

base pressure of 1×10-7 mbar and a hydrogen pressure of 1.3×10-2 mbar. Molecular 

hydrogen (115 sccm) is split into hydrogen radicals by flowing past a W filament 

(heated to 2000 °C, measured by a Raytek IR temperature sensor). Water cooling is 

used to maintain the sample temperature between 30 – 40 °C, measured using a K-type 

thermocouple. The filament is placed 5 cm away from the sample surface, and a 

hydrogen flux of 1018 at.cm-2.s-1 is estimated from the etch rate of a carbon film. 56 

1.3. Thesis outline and outlook 

Graphene has been proposed as a candidate for protective materials in the Extreme 

UV to soft X-ray range, due to its chemical inertness, high mechanical strength and high 

optical transmission. The core of this thesis deals with the chemical and physical 

interaction of (potential) protective layers in soft X-ray and XUV optics. The use of 

graphene in these applications requires detailed knowledge of potential damage 

mechanisms. Previous research focused on XUV and electron induced chemical 

reactions of small molecules as water and hydrogen with single and multi-layer 

graphene. 52,53,57 Also, experiments with small molecules without XUV are of importance 

to understand the chemical reactivity of graphene. For instance, graphene has been 

known to fully hydrogenate into an insulator (graphane) when exposed to 0.1 mbar of 

1: 9 H2/Ar mixture at room temperature. 58 In addition, graphene has been known to 

first damage then etch when exposed to hydrogen at high temperatures of 800 °C, or 

when exposed to short bursts of oxygen plasma. 59-61 This removal of carbon is initiated 

by the gradual evolution of sp2 bonded carbon atoms to sp3 amorphous carbon. 62 

In this thesis, the knowledge on these damage mechanisms is enlarged by comparing 

the reactivity of transferred single and multilayer graphene films with previous results 

on non-transferred graphene layers. 52,53,57  Furthermore, in-situ spectroscopy during 

and immediately after exposure is employed. This knowledge on high energy photon 

impact on graphene in the presence of background gases is also relevant for electron 
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beam lithography of graphene, where the aim is to locally etch graphene, without 

drastically changing the quality of unexposed areas. 63  

Graphene, while being a great candidate as protective material, can also be used in 

other aspects of lithographic production such as integrated circuits. 64 Conventional 

lithographic device patterning involves the use of resists, which are light sensitive and 

organic. However, due to its organic nature, resist removal from graphene has proven 

to be difficult as harsh chemical processes and contamination can alter the electronic 

properties of graphene, such as mobility and doping. 65,66 While in the case of 

application of graphene as protective layer, chemical modifications by photo-induced 

reactions or radical species are undesired. Therefore, selective photon or electron-

induced chemical modification could be used as a resist-free patterning approach in 

applications where graphene has to be structured. 66 

Firstly, in Chapter 2, the reactivity of transferred single-layer graphene is studied. In 

this case, the damage mechanism of transferred single-layer graphene (on aSi) and its 

aromatic structure degradation is studied when dosed with H2O and exposed to XUV 

light in the presence of hydrogen. This degradation is attributed to the oxidation by 

reactive O species generated through XUV induced dissociation of water. While 

previous research on graphene damage mainly relied on post exposure characterization 

with e.g. Raman spectroscopy, the work in this chapter employs in-situ RAIRS to probe 

oxidative damage as function of XUV exposure and background H2 pressure. 53,57 It is 

established that the rate of oxidation slows down with repeated exposures of XUV at 

the same hydrogen pressure, indicating oxidation at point defects and/or grain 

boundaries begins to decline.  

Aromatic structure breakdown of graphene is further studied in Chapter 3, where 

multi-layer graphene is used instead of single-layer graphene. MLG is studied in two 

forms: as-grown on Mo and transferred onto a Si surface. Firstly, as-grown graphene 

on Mo is shown to be resistant to oxidation when dosed with water and exposed to 

XUV in the presence of H2. However, in the same experimental conditions, transferred 
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MLG is shown to oxidize and form keto-enol groups. Furthermore, this oxidation is 

shown to occur only at the interface of the graphene layer and the underlying substrate.  

 

The reactivity of multi-layer graphene is further explored in Chapter 4 where MLG is 

tested in a different film geometry as a diffusion barrier for atomic hydrogen. Previous 

density functional calculations and molecular dynamics simulations indicated that 

graphene could be an efficient diffusion barrier for small molecules. 67 Experimentally, 

multi-layer graphene (5-10 nm thick) has been shown to act as a diffusion barrier of 

metal atoms against Si. 68 In this chapter we experimentally tested the application of 

MLG as diffusion barrier against hydrogen on samples of a lateral length scale of 1 cm. 

MLG is transferred onto a Ru/Y sensor which is used to probe hydrogenation of the Y 

film and compared to a similar thickness of amorphous carbon. The results show that 

both graphene and carbon can act as a diffusion barrier for underlying layers, however, 

graphene is shown to delay hydrogenation due to its slower etching rate than carbon.  

Chapter 5, on the other hand, deals with Ru, which is a frequently used reference 

protective capping material for XUV lithography. Depending on XUV flux and 

background pressure of hydrocarbons and water, carbon and/or ruthenium oxide 

contamination can form on a Ru capping layer, which can be removed by hydrogen 

radicals. 69,70 Previous studies on this topic investigated carbon growth and oxidation 

separately, or focused on the balance between different contamination and cleaning 

mechanisms. 45-47,71 Most literature results evaluate contamination in terms of XUV 

reflection loss, or thickness of the formed carbon or oxide layers. 69,72 In this study, we 

focus more on the molecular mechanisms of contamination and cleaning reactions, 

employing in-situ RAIRS and TPD. As model system, a Ru(0001) crystal is dosed with 

CO2 (a molecule containing both carbon and oxygen) and exposed to XUV and H2. 

Earlier results had shown that CO2 dissociates on contact with the Ru surface. 71 In this 

study, the role of XUV and H2 is further explored. The results show that CO dissociates 

to form amorphous carbon and water, due to photo-chemical processes and hydrogen 

radicals formed by XUV. As formation of amorphous carbon on Ru limits reactive free 
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sites on the surface, CO2 dissociation also declines, which is proven by dosing CO2 

repeatedly on the surface without removal of carbon. 
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Chapter 2: Aromatic structure 
degradation of single layer graphene on 
an amorphous silicon substrate in the 

presence of water, hydrogen and 
Extreme Ultraviolet light 

In this work we study the reaction of water and graphene under Extreme Ultraviolet 

(EUV) irradiation and in the presence of hydrogen. In this work, single layer graphene 

(SLG) on amorphous Si as an underlying substrate is dosed with water (0.75 ML) and 

exposed to EUV (𝜆= 13.5 nm, 92 eV) with partial pressures of H2 in the background. 

The results show that the aromatic structure of graphene, when exposed to EUV and 

H2, breaks down into aryl ketones and enols of 1,3 di-ketone. Infrared (IR) spectroscopy 

shows that SLG oxidizes, with increasing H2 pressure leading to the grain boundary 

edges of graphene forming ketones and carboxylic acids. In situ and post exposure 

analyses also reveal that EUV exposure reduces the sp2 content of the graphene layer, 

with the sp3 content increasing, resulting in a more defective graphene layer. 

2.1. Introduction 

Graphene, a two dimensional hexagonally packed network of covalently bound 

carbon atoms, has a number of unique physical, thermal and chemical properties.1-8 It 

is known to be impermeable to gases9 , and has been theoretically shown to act as a 

diffusion barrier even against molecular hydrogen.10 Graphene can be grown on an 

industrial scale via chemical vapor deposition and transferred onto both flat 11 and 

arbitrary profile substrates 12, broadening its scope for potential applications. 

In the optical regime, single layer graphene combines the highly desirable properties 

of being simultaneously conductive and transparent in the visible 13, and EUV 14 

wavelengths. These properties make it a promising candidate for transparent 
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conducting electrodes, required for touch screens, and, potentially EUV adaptive optics. 

Furthermore, the high transparency in the EUV range is attractive because most optics 

require a protective top layer to protect them from the highly reactive environment, 

induced by radiation. 15 

Perfect single layer graphene (SLG) is known for its low chemical reactivity due to 

the densely packed nature of sp2 hybridized carbon atoms.16 Unfortunately, during 

chemical vapor deposition and graphene transfer, defects are generated,17 which can 

behave as initiation points for graphene to react with its environment.18 Nevertheless, 

graphene has been proposed as a useful material in chemically harsh environments, 

such as Deep Ultraviolet, X-ray systems and Extreme Ultraviolet (EUV) Lithography 

systems. EUV lithography (EUVL) systems represent a particular challenge: EUVL 

systems operate at a wavelength of 13.5 nm, in vacuum, and the main optical 

components are expected to last for the lifetime of the system (>10 years). The optics 

and background gases, however, are exposed to ionizing radiation, creating a rich 

environment for surface chemistry that may modify the surface of the optics.19-21 To 

reduce the influence of residual gases — mainly water and hydrocarbons — the 

pressure is increased to a few Pa, by adding hydrogen.22 The balance between hydrogen 

as a reducing agent and water as an oxidizing agent allows a dynamic equilibrium 

between competing processes to be managed.23 However, the conditions under which 

such a balance can be achieved varies from material to material. Before graphene can 

be used in such a system, it is critical to understand its physical and chemical stability, 

and to determine the reaction pathways that are most favorable under various partial 

pressures of H2 and H2O. 

Since graphene is a one atom thick layer of carbon atoms, chemical reactivity is highly 

dependent on the underlying substrate. Current techniques, such as in-situ Raman 

spectroscopy, can be used to study the generation of defects in graphene. Due to the 

zero-band gap nature of graphene, the Raman scattering cross section is large, making 

it the preferred manner to characterize graphene. However, for most other materials, 

the Raman scattering cross section is much smaller, making it difficult to identify 
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detailed modifications to the structure and molecular composition of the graphene. 

Furthermore, even though the normal modes of water are both Raman and IR active, 

Raman spectroscopy is less sensitive to changes in hydrogen bonded water networks.24 

Finally, Raman spectroscopy is susceptible to fluorescence from (in our case) the 

amorphous Si substrate, which is stronger than the Raman signal by a factor of 106 –

108. Therefore, infrared spectroscopy is the preferable method to study surface 

chemistry of water and its interaction with graphene. 

Previous research has shown that defects are generated in single layer graphene 

during EUV exposure. 25,26 Here, we present an investigation into the reactions of 

graphene on an amorphous Si layer in an EUV environment. For these experiments, the 

surface is characterized in-situ using Reflection Absorption Infrared Spectroscopy 

(RAIRS) during EUV exposure, and temperature programmed desorption (TPD) 

spectroscopy before and after EUV exposure. RAIRS is used to observe changes in 

molecular orientation of water and chemical structure of graphene and revealing the 

pathway by which graphene oxidizes in the presence of water and hydrogen. On the 

other hand, TPD provides a quantitative measure of the number of molecules that 

desorb from the surface at a given temperature, providing an accurate measure of the 

different adsorbed molecules and their binding energies. 

X-ray photoelectron spectroscopy (XPS) measurements are carried out ex-situ, before 

and after EUV exposure, to quantitatively estimate the elemental composition and the 

chemical state of the surface. This is used to confirm the end result of graphene 

oxidation. 

2.2. Experimental 

Single layer graphene is grown by chemical vapor deposition on a polycrystalline 

copper foil (purity 99.9%, Alfa Aesar). The copper foil is introduced into a furnace at 

1100 °C with a gas flow of 100 sccm of CH4, 500 sccm of Ar and 6 sccm of H2 leading 

to single layer graphene being grown on both sides of the Cu foil. The single layer 

graphene [10 mm × 10 mm] is then transferred using the wet transfer method27 on to 
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an amorphous Si surface. The graphene layer is transferred using a PMMA support 

layer, which is removed by annealing at 350°C with Ar and H2 for ~3 hrs. 

The substrate onto which the graphene is transferred is based on a Si wafer, which 

had a Mo layer (9 nm thick) deposited on it, followed by 22 nm of amorphous silicon. 

Both layers are deposited by sputter deposition, and the thicknesses are known via 

deposition calibration based on X-ray reflectivity measurements. The amorphous silicon 

is not protected from atmosphere after removal from the deposition chamber, thus, the 

top ~1–2 nm is oxidized. The molybdenum layer is necessary to reflect infrared 

radiation, allowing reflection absorption infrared spectroscopy (RAIRS) to be 

performed in situ. 

All surface chemistry experiments are performed in the same experimental setup28,29 

sequentially without breaking vacuum. The chamber's base pressure is maintained at 5 

× 10-9 mbar. During experiments, hydrogen is introduced to the chamber, increasing 

the background pressure up to 1 × 10-5 mbar. The chamber is equipped with RAIRS, 

TPD spectroscopy, surface cleaning facilities, surface dosing, and attached to an EUV 

source. 

RAIRS spectra are measured at grazing incidence using an FTIR spectrometer (Bruker 

Vertex 70V), equipped with a liquid N2 cooled detector. Each spectrum is summed over 

256 scans with a resolution of 4 cm-1, with background scans being recorded at the 

lowest possible stable sample temperature of 80 K. To obtain TPD spectra, the sample 

temperature is ramped from 80 K to 450 K at a rate of 1 K/sec. The sample is placed 

normal to the entrance of a cone that is attached to a differentially pumped quadrupole 

mass spectrometer (QMS — Hiden Analytical). The cone has an entrance aperture of 4 

mm, located ~2 mm away from the sample. The temperature is measured using a 

thermocouple attached to the sample with a Mo clamp. To prevent damage to 

graphene, the sample temperature is limited to 450 K, which is sufficient to remove 

water, CO, and hydrogen. Based on experiments on a ruthenium (0001) surface using 

the same chamber, we show that the background deposition rate of all chamber 

contaminants is very low (<0.005 monolayers (ML) per hour).19 
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Deionized water, cleaned using the freeze-pump-thaw process, is dosed on the 

sample through a retractable quartz tube connected to a pinhole. Surface coverage is 

calibrated against TPD spectra obtained from a clean Ru surface.28 

The chamber is attached to a Xe plasma discharge EUV source (Philips EUV Alpha 

Source 2) with a repetition rate of 500 Hz. The source is filtered by reflection from a 

Mo/Si multilayer mirror (55% reflectivity at 13.5 nm) and transmission through a 

Si/Mo/Zr membrane (35% transmission at 13.5 nm).30 This results in a peak reflectivity 

of 19% at 13.5 nm with a FWHM of 0.2 nm and a broad reflectivity peak of 9% at 21.5 

nm with a FWHM of 3.1 nm.14,21,31 The EUV beam has an average intensity of 35 – 55 

mW/cm2, and a profile that is approximately Gaussian with a full width half maximum 

(FWHM) of 3 mm. Over the course of the experiments, the EUV pulse fluence varied 

from 90 – 110 µJ/cm2.  

The general experimental procedure consisted of: the graphene is first cooled to 80 

K, and a reference RAIRS spectrum is obtained. The sample surface is dosed with water, 

and the chamber is filled to a chosen background pressure of hydrogen. The sample is 

then exposed to EUV and RAIRS spectra are obtained before EUV exposure, and every 

10 minutes during the exposure. After EUV exposure, a TPD spectrum is obtained. The 

range of exposure conditions are summarized in Table 2.1. 

After TPD/RAIRS experiments had been completed, ex situ X-ray photoelectron 

spectra (XPS) are measured using monochromatic Al-K𝛼 radiation, employing a 

Thermo Fisher Theta probe instrument with a beam spot size of 1 mm in diameter. 

Parallel angle resolved XPS spectra are measured in an angle range from 26° — 80°, 

the displayed spectra correspond to a take-off angle of 34°. 

2.3. Results and Discussion 

The graphene on Si sample is exposed to EUV with additional H2 partial pressures of 

0 mbar, at 10-7 mbar, 10-6 mbar, 10-5 mbar (seen in Table 2.1). All the exposures are 1 

hour long. The cumulative EUV dose for this experiment is calculated to be 0.32 – 0.39 
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J/cm2, which is not enough for significant heating (we do not observe an increase in 

temperature during EUV irradiation), eliminating thermodynamically driven processes 

from consideration. Thus, photon and photoelectron-driven processes are responsible 

for the observed changes in surface structure and composition.   

For these experiments, RAIRS OH peaks, such as libration modes (750 – 950 cm-1) 

and bending modes (1500 – 1700 cm-1) are too weak for the water coverage used. OH 

stretching modes from water (3000 – 3700 cm-1) are visible, but did not provide any 

significant information about the structure and interaction of water on the surface and 

are therefore not shown.32 

Table 2.1. Experimental conditions of the surface and chamber with initial water 

dose, partial pressure of H2 and the final water coverage after exposure.  

Experiment Initial Water Dose 

(ML) 

Partial pressure 

(H2) 

Final Water coverage 

(ML) 

No EUV  0.75 ML 2 × 10-9 mbar 0.75 

EUV  0.75 ML 3 × 10-9 mbar 0.75 

EUV 2.25 ML 1 × 10-7 mbar 3.00 

EUV + H2  0.75 ML 1 × 10-7 mbar 0.98 

EUV + H2  0.75 ML 1 × 10-6 mbar 1.42 

EUV + H2  0.75 ML 1 × 10-5 mbar 3.56 
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2.3.1. Formation of ketones and adsorbed CO2 on the surface of 

single layer graphene  

 

Figure 2.1. RAIRS spectra of the C=O stretch peak of CO2, enols and aryl ketone 

as seen on the surface of the single layer graphene. Water dose is 0.75 ML unless 

otherwise specified. A new background spectrum is taken before each exposure, 

directly before dosing H2O to the surface. 

As detailed in Gerakines et al.33, the formation of CO2 is evidenced by vibrational 

modes in the 2200-2400 cm-1 region. In Figure 2.1, an asymmetric (𝜈 as) C=O stretch 

peak is present at 2343 cm-1 and 2373 cm-1 (peak I1, I2), indicating the presence of CO2. 

When only water is present on the surface, in the absence of EUV, an inverse peak is 

seen for I2, indicating removal of CO2 from the surface.  Subsequently, at higher partial 

pressures (10-6, 10-5 mbar) of H2 in the presence of EUV, the peak reappears, indicating 

CO2 as a possible end product of carbon oxidation.  
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With an increase in H2 concentration, a broad peak starts to form at 2454 cm-1 (peak 

J1). This corresponds to literature reports for a C=O stretch for keto-enol formation, 

specifically the C=O stretches for aryl ketones and the enol forms of a 1,3-diketone (as 

shown in Fig. 2.2).34 Enol of 1,3 – diketones are more favorable due to their increased 

stability when forming a six membered ring — hydrogen bonded in this case. As H2 

pressure increases, this C=O stretch forms a broad peak at 2477 cm-1 (peak J2), which 

confirms the formation of ketones on the surface.32 In addition, a blue-shift is seen for 

peak J as the hydrogen pressure is increased, indicating more keto-enol vibrations 

detected on the surface.34 These ketones are formed due to graphene oxidizing and 

breaking down into aryl and keto-enol structures, due to EUV induced H2 and H2O 

dissociation on the surface. H radicals, formed by EUV-induced dissociation of H2, 

create defect sites in the graphene layer, which are subsequently oxidized by OH groups 

or O formed by EUV-induced H2O dissociation. As indicated in Table 2.1, exposure to 

a higher pressure of H2 results in additional water being deposited on the sample, due 

to contamination of the gas line. In order to check whether the formation of keto-enol 

species is indeed related to EUV induced reactions in the presence of H2 and H2O and 

not to EUV exposure with larger H2O coverages, a control experiment with initially 

higher dosed water coverage (2.25 ML) and low H2 pressure (1×10-7 mbar) is carried 

out. Under these conditions (Fig. 2.1, 3rd line from top) no keto-enol formation is 

observed, proving that presence of H2 pressures > 1×10-6 mbar and adsorbed water 

are both needed for EUV-induced keto-enol formation. Assuming that, for the low 

exposures in this study, the majority of ketone formation occurs along grain boundaries 

(see Figure 2.2), the most likely forms are enols of 1,3-diketone and hydroxyl aryl 

ketones. 
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Figure 2.2. Graphene breaking down into hydroxyl aryl groups and subsequently 

forming ketones. Aryl ketones and keto-enol tautomerism have the same stretch 

vibration absorbed at 2400 –2500 cm-1.34 

 

Figure 2.3. Growth of keto-enol C=O stretch (peak J) as compared to EUV 

exposure time at different H2 pressures. The vertical axis indicates the negative 

peak intensity in the RAIRS transmission plot, so a higher value indicates larger 

surface coverage. 
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Keto-enol formation is only seen at a high hydrogen pressure (10-5 — 10-6 mbar), due 

to higher defect creation by EUV-induced radicals, which is compared in Figure 2.3. At 

a H2 pressure of 10-6 mbar and 10-5 mbar, the height of peak J increases at a rate of 

0.0015 %/min and 0.0132 %/min respectively. This increase in peak height is 8.8 times 

the rate at 10-6 mbar, indicating that graphene begins oxidizing rapidly with a higher 

partial pressure of H2.  

Two locations are most likely for oxidation, and the formation of enols and ketones: 

point defects and grain boundaries. Point defects can be effectively determined using 

Raman spectroscopy. Results from Cancado et al.35 state that ID/IG ratios of graphene 

can be used to specify the inter defect distance. A graphene reference layer produced 

with the same growth process, but transferred onto a Ni surface instead of a Si surface 

has an ID/IG of 0.75, which translates to an inter-defect distance of 14 nm. Since the 

typical grain size of our graphene is ~100 nm, corresponding to a typical grain area of 

~ 8000 nm2, this inter-defect distance would correspond to ~ 100 point defects per 

grain, one order lower than the oxidation sites available through grain boundaries.36 

Therefore, it is likely that the RAIRS spectral changes are dominated by ketone 

formation along the grain boundaries which leads to grain boundaries unzipping at 

higher H2 pressures, to form more sites for oxidation.36 

2.3.2. Saturation of enol formation on the surface 

As discussed earlier, enols of 1-3 di-ketone are most likely formed due to the 

preferential oxidation of graphene along grain boundaries. Further sequential 

experiments are conducted to test if oxidation saturates: e.g., that the grain boundaries 

become fully oxidized and oxidation then slows. This can be seen in Figure 2.4 where 

the growth of the C=O stretch from enols and aryl ketone (peak J) for different 

exposures is shown. As noted earlier, peak J first appears when the H2O covered surface 

is exposed to EUV and molecular H2 at 10-6 mbar (trace I), indicating that graphene is 

starting to oxidize. As mentioned previously, this peak increases with increasing mol. 

H2 pressure (trace II). Following these exposures, the surface is again exposed to EUV 
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and H2 at 10-6 mbar (trace III). As seen in curve III in Figure 2.4, there is no indication 

of further (out of plane) enol or aryl ketone formation on the surface for this partial 

pressure. This is because oxidation of the graphene layer at H2 pressure of 10-6 mbar 

has saturated, and for further oxidation to happen, the H2 pressure needs to be 

increased to create additional defect sites where water can react. Furthermore, at a 

subsequent exposure at an H2 partial pressure of 10-5 mbar (trace IV) enol and aryl 

ketone growth is much slower than in the previous experiment at the same pressure 

(trace II), indicating that the oxidation process is saturating.  

 

Figure 2.4. Change in keto-enol formation (peak J) after subsequent exposures of 

EUV and H2 to the graphene layer at 10-6 and 10-5 mbar. A new background 

spectrum is taken after each exposure.  

This growth for peak J can be quantified in Figure 2.5 where the change in keto-enol 

formation is measured over the course of one hour at different EUV exposures and H2 

pressures. As seen in Table 2.2, the rate of growth of peak J is shown to reduce with 

increasing molecular H2 pressure in the presence of EUV, indicating that keto-enol 

formation saturates as exposure time to EUV and H2 increases. 
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Figure 2.5. Change in keto-enol formation (peak J) over time after subsequent 

exposures of EUV and H2 to the graphene layer at 10-6 and 10-5 mbar. A new 

background spectrum is taken after each exposure. 

Table 2.2. Rate of growth of keto-enol formation (peak J) as seen in Figure 2.5. 

Traces Transmission %
minute  

I : EUV + H2, 10-6 mbar 0.0015 

II: EUV + H2, 10-5 mbar 0.0132 

III: EUV + H2, 10-6 mbar 0.0008 

IV: EUV + H2, 10-5 mbar 0.0023 
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2.3.3. Temperature Programmed Desorption of water from 

graphene surface 

 

Figure 2.6. TPD spectra of H2O after deposition of water and exposure to EUV and 

H2. The numbers refer to additional water seen on the surface as compared to the 

surface without EUV and H2. The spectra have been smoothed over 4 values.  

In Figure 2.6, the temperature programmed desorption of water from the 

graphene/Si surface is shown. When the surface is exposed to EUV, the coverage of 

water does not change significantly. An increase in water coverage is observed for 

higher hydrogen pressures; 0.23 ML for 10-7 mbar of H2, 0.67 ML for 10-6 mbar of H2 

and 2.81 ML for 10-5 mbar of H2. The amount of water desorbed for increasing H2 

partial pressures is high due to water contamination from the H2 line. 

Also, two distinct peaks can be seen for the TPD spectra in Figure 2.6, indicating that 

water has two binding modes on the substrate. When water is first dosed on the cold 
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surface, it forms an H-bonded 2D ice network on the graphene layer.37 As more water 

is deposited on top of the surface, a 3D ice network forms. The desorption peak seen 

at ~139 K in Figure 2.6 is due to H2O molecules desorbing from 3D ice networks. 

Following this, the graphene bound H2O molecules in 2D ice networks are the next to 

desorb at ~160 K. 

 

Figure 2.7. Control experiments for residual gas in chamber with (a) low coverage 

and (b) coverage (0.01 ML) with water on the surface. 

For very low coverage of water, when the surface is left for 120 minutes in the 

chamber with no water dosed on the surface, Figure 2.7(a) shows that water coverage 

on the surface increases with time due to residual gases. This is also clearly noted for 

low coverages in Figure 2.7(b) as well, when a small amount of water (0.01 ML) is 

dosed on the surface. Compared to the case with no initial coverage, the amount of 

water in Fig. 2.7(b) increases by a factor of 3.4 and 7.3 for 60 and 120 minutes, relative 

to 30 minutes exposure to residual gas, respectively. In comparison, in Fig. 2.7(a), the 
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water on the surface increases by a factor of 0.1 and 0.6 for the same periods of 60 and 

120 minutes, indicating that water is more likely to attach to water molecules than it 

is to the graphene layer. Additionally, the two peaks seen for low coverages in Fig 

2.7(a) illustrate that a 2D water network is the first to form, with water molecules 

attaching to the defects and grain boundaries of graphene, and then water attaching to 

the defect bound water. Similarly in Fig. 2.7(b), a common leading edge is seen, such 

that the desorption peak shifts to a higher temperature for increasing coverage, 

indicating peaks the two peaks in Fig 2.7(a) converging to form a singular peak. 

Consequently, this becomes the first desorption peak in Figure 2.6. This 0th order 

desorption behavior is characteristic for desorption of water adsorbed to other water 

molecules as shown in Clay et al.38 Since graphene is known to be hydrophobic in 

nature,39 water clusters are more likely to form, such that 0th order desorption of water 

can be observed, even for sub monolayer coverages. 
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2.3.4. X-ray photoelectron spectroscopy 

 

Figure 2.8. XPS spectra of graphene covered Si sample before (top) and after 

(bottom) exposure to EUV and H2. The C1s spectra is raw data, while sp2, sp3 and 

C-O curves are fitted. 

Figure 2.8 shows the XPS spectra and fit for the C 1s peak of graphene before and 

after it is exposed to multiple doses of H2O, EUV and H2 seen in Figures 2.1–2.7. Table 

2.3 lists the atomic concentration of sp2, sp3 and C–O bonds along with the full width 
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half maximum of the fitted sp2 peak for the unexposed graphene sample and the sample 

exposed to EUV.  

Notably, the sp2 bond concentration decreases from 13 ± 1% to 6 ± 4% after 

exposure, while, in contrast, the sp3 concentration increases from 5 ± 1% to 12 ± 4%. 

The increase in sp3 bonding is a consequence of combination of oxidation and 

hydrogenation, as expected. It should be noted that the separation of the sp2 and sp3 

peaks is not sufficient to make a unique peak fit for the exposed sample, which has 

been reflected in the error margins of the quantification. 

Table 2.3. Atomic concentration of C 1s spectral components, carbon thickness, 

native SiO2 concentration of the substrate of graphene samples before and after 

exposure to multiple doses of EUV and H2. The C thickness is measured using 

angle resolved XPS. 

The concentration of C-O groups increases from 1% to 7%, confirming that graphene 

oxidizes in the presence of adsorbed water, and exposure to EUV and H2. It should be 

noted that the high sp2 content of pristine graphene results in a tail of the sp2 peak 

extending up to the binding energy range where C-O bonds are detected for exposed 

Sample C sp2 

(atomic 

%) 

C sp3 

atomic 

% 

C-O 

(atomic 

%) 

Si-O 

(atomic 

%) 

O 1s 

(atomic 

%) 

sp2 

FWHM 

(eV) 

Carbon 

thickness 

(nm) 

Unexposed 

graphene on 

Si 

13 ± 1 5 ± 1 1.0 ± 0.3 16 ± 1 26 ± 1 0.90 ± 

0.1 

0.34 

Exposed 

graphene on 

Si 

6 ± 4 12 ± 4 7 ± 2 15 ± 1 26 ± 1 0.9 ± 0.2 0.40 
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graphene.40 Therefore, the quantified amount of C-O species may be overestimated for 

the unexposed sample. 

Finally, a slight increase in carbon thickness is observed, due to the deposition of 

amorphous hydrocarbons from residual hydrocarbons in the EUV source, or due to 

sample handling.41,42  

2.4. Conclusions 

Single layer graphene on an amorphous silicon substrate exposed to EUV radiation 

in the presence of water and hydrogen, is shown to break down from its signature 

aromatic structure through the formation of ketone and enol groups, such as  the enol 

forms of 1,3–diketone, most likely at the grain boundaries and/or point defects. This 

formation is noted via RAIRS, which indicates that ring structure degradation occurs 

through graphene oxidation, due to the water present on the surface. Additionally, this 

can be confirmed by XPS which shows an increase in the bond percentage of oxygen 

bound to carbon on the surface after EUV exposure. Meanwhile, sp2 bonds in graphene 

cleave to form sp3 bonds, also confirmed via XPS, due to EUV photons and/or hydrogen 

radicals breaking sp2 bonds, leading to graphene becoming more defective. 

Furthermore,  the rate of the oxidation process at given water coverage and hydrogen 

pressure slows down and nearly saturates over time, while still sp2 carbon is left after 

the exposure. This behavior could be attributed to saturation of the reaction occurring 

at grain boundaries and point defects. Finally, this work shows that the balance of EUV-

induced photochemistry of graphene in the presence of water and hydrogen is very 

different from ruthenium, an important reference capping material for EUV optics43. 

While for ruthenium an increased pressure of H2 leads to (complete) reduction of the 

oxidation of the Ru resulting from EUV induced reactions of water, in case of graphene 

the oxidation reaction is enhanced by a higher hydrogen pressure. This shows that a 

balance between oxidation and reduction of a graphene cap can most likely not be 

obtained, such that the use of graphene with a low defect density is of utmost 

importance. 
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Chapter 3: Etching processes of 
transferred and non-transferred multi-

layer graphene in the presence of 
Extreme UV, H2O and H2 

In this work we expose transferred multi-layer graphene (i.e. graphene separated 

from the substrate used for graphene growth and placed onto a carrier sample) to 

Extreme Ultraviolet light and water, in the presence of hydrogen. We see that graphene 

oxidizes by breaking down its aromatic structure into the enol form of 1,3-diketone. 

Furthermore, this oxidation is compared with studies on as-grown multi-layer graphene 

samples, which are shown not to oxidize. Our work shows that oxidation is most likely 

limited to a few layers of graphene at the interface between the graphene and the 

substrate onto which it is transferred. This is attributed to the influence of water 

trapped from the transfer process, in combination with a higher secondary electron 

yield of the substrate compared to graphene. 

3.1. Introduction 

Graphene, a 2D hexagonal lattice structure of carbon with covalently bound atoms, 

has been shown to possess a number of unique physical, thermal, and chemical 

properties.1-8 Defect-free single layer graphene has been known to be impermeable to 

gases9,10, whereas defective multi-layer graphene has been shown to be effective as a 

membrane11, and can be used to transfer protons through atomic defects.12 Multi-layer 

graphene as a membrane has been introduced as a potential candidate for inexpensive 

water desalination13, food packing14, and anti-corrosion paint. 15 

Optically, graphene is known to have highly desirable traits such as being transparent 

in both visible16 and Extreme Ultraviolet (EUV) wavelengths17,18. These properties make 

graphene an attractive candidate for transparent conductive electrodes, such as flexible 
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screens for smartphones and wearable devices, and EUV optics. Also, high transparency 

in the EUV regime is seen as being very desirable, as most optics in EUV applications 

require a layer to protect them from chemical processes induced by high photon-energy 

radiation5. 

Single layer graphene, known for its low chemical reactivity, is highly susceptible to 

the formation of defects during growth, via chemical vapor deposition, and graphene 

transfer19. These can initiate points for oxidation and further defect formation when 

graphene interacts with its environment20. Furthermore, for single layer graphene, 

being one atomic layer thick, its chemical reactivity is highly dependent on the 

substrate on which it is transferred. In chemically reactive environments these 

drawbacks could be unfavorable for using single layer graphene as a protective layer. 

Multi-layer graphene has been provided as an alternative, which would still maintain 

most of the properties of single layer graphene, while being less reactive and more 

robust due to its larger thickness.21 Furthermore, optical components are required to 

last the full lifetime of beamline or imaging optics. 22 Therefore, it is important to 

understand the physical, chemical and electronic stability of multi-layer graphene and 

its reaction pathways in an EUV environment. 

Previous research has shown that single-layer graphene in an EUV environment starts 

to oxidize when dosed with less than a monolayer of water (0.75 ML) and exposed in 

a partial pressure of 10-5 mbar of H2
23. This oxidation is in the form of an enol form of 

1,3–diketone which is characterized in-situ using Reflection Absorption Infrared 

Spectroscopy (RAIRS). It is surmised that this diketone formation is due to the aromatic 

structure breakdown of graphene. The formation of the diketone is shown to saturate 

for prolonged exposure to water, EUV and H2 under identical exposure conditions.  

In this work, we further expand on 1,3–diketone formation and look for its prevalence 

in multi-layer graphene under the same EUV exposure conditions and in-situ RAIRS 

characterization. We show that as-grown multi-layer graphene is resistant to oxidation 

when dosed with H2O and exposed to EUV and H2. However, transferred MLG is shown 
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to oxidize, due to the secondary electron interaction of water trapped between the 

interface between the graphene layer and the underlying substrate. 

3.2. Experimental 

As a substrate, 300 nm SiO2 is grown on a Si(100) wafer by dry oxidation at 1100 °C. 

Next, 70 nm of Mo is sputter deposited. Subsequently, the multi-layer graphene is 

grown by chemical vapor deposition (CVD) at 1000 °C using a feedstock of Ar/H2/CH4 

at 8 mbar in a cold-wall reaction chamber (VG Scienta at the NanoLab facilities at the 

University of Twente). The resultant graphene layer is then transferred onto an 

amorphous Si surface on a 10×10 mm substrate, using H2O2 as an etchant. This transfer 

process is performed without the use of any support polymer (e.g. PMMA) as commonly 

used for the transfer of single layer graphene, enabling a residue-free graphene 

transfer. 24 

The substrates onto which MLG is transferred have a top layer of 22 nm of amorphous 

Si (aSi) on top of 9 nm of Mo deposited on a Si wafer. Both layers of Mo and aSi are 

sputter deposited, with their thicknesses calibrated by X-ray reflectivity measurements. 

Since the amorphous silicon is not protected from the environment after deposition, 

the top 1~2 nm of the surface is oxidized. The Mo layer is sandwiched between the aSi 

layer and the Si wafer to provide a reflective surface for IR radiation, to conduct RAIRS 

characterization, which is performed in-situ. 

 

Figure 3.1. Schematic representation of multi-layer stack used for transferred 

multi-layer graphene experiments. 

Si

aSi

Mo 9 nm

Multi-layer graphene
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5-8 nm
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For EUV exposure experiments, the MLG-on-aSi sample is mounted on a 3-axis 

positioning manipulator in Ultra-High Vacuum conditions and maintained at a base 

pressure of 10-10 mbar. A K-type thermocouple is fixed to the sample to measure the 

surface temperature, and a Eurotherm temperature controller is used to control the 

surface temperature by radiative heating. Surface chemistry experiments such as water 

dosing and Ar+ ion exposure are conducted in the same experimental setup without 

breaking vacuum. 

The chamber is equipped with RAIRS and Temperature Programmed Desorption 

(TPD) spectroscopy.25 RAIRS spectra are measured at grazing incidence using a Fourier 

Transform Infrared (FTIR) spectrometer (Bruker Vertex 70V), which is equipped with 

a liquid N2 cooled detector. Each IR spectrum is summed over 256 scans with a 

resolution of 4 cm-1, with background and sample scans recorded at the lowest possible 

stable surface temperature (~85 K). The sample is placed ~1 mm away from the 

aperture of a Hiden Analytical 3F/PIC quadruple mass spectrometer to obtain TPD 

spectra. Deionized water is dosed on the surface using a retractable quartz tube 

connected via a pinhole. Surface coverage is calibrated against reference TPD spectra 

obtained from a clean Ru(0001) surface26,27. 

The chamber is also attached to a Xe plasma discharge Extreme Ultraviolet source 

(Philips EUV Alpha Source 2) with a repetition rate of 500 Hz. EUV light is filtered from 

the source using a Mo/Si reflective mirror (55% reflectivity at 13.5 nm) and 

transmission through a Si/Mo/Zr membrane (35% transmission at 13.5 nm) 11,13. This 

results in a total transmission of 19.25% at 13.5 nm with a FWHM of 0.2 nm. The beam 

has a Gaussian profile (FWHM= 3 mm) with an intensity of 35-55 mW/cm2, 

corresponding to a dose of 90-110 µJ/cm2 per pulse. 

The experimental procedure is, unless otherwise stated, as follows: a background IR 

spectrum at 85 K is recorded, the surface is doesd with with 0.75 ML of water, and the 

surface exposed to EUV with different partial pressures of hydrogen (either 10-5 mbar 

or 10-4 mbar, unless otherwise stated). Further IR spectra are recorded at 10 minute 
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intervals until the end of the 60 minutes of EUV+H2 exposure. Finally, TPD is 

performed by heating the surface to 450 K at a rate of 1 K/s.  

X-ray Photoelectron Spectroscopy (XPS) measurements are performed ex-situ using 

monochromatic Al-Kα radiation, employing a ThermoFisher Theta Probe with a beam 

spot size of 1 mm in diameter. Scanning Electron Microscopy (also ex-situ) 

measurements are performed using a High resolution SEM (HR-SEM) using a voltage 

of 2 kV, with a point resolution of 1.2 nm. 

3.3. Results and Discussion 

3.3.1. As grown multi-layer graphene on Mo 

Previous results, mentioned in the introduction and reproduced in Figure 3.2(a), 

show the RAIRS data of a transferred single layer graphene when exposed to EUV, H2 

(10-5 mbar) and H2O (0.75 ML) for 60 minutes. Apart from the water peaks (O-H 

stretch, O-H bend and libration), we see a peak at ~2480 cm-1, corresponding to the 

formation of the enol form of 1,3 di-ketone. This indicates the oxidation of the 

graphene layer and degradation of its aromatic structure. 28 

For this work, an as-grown ~6 nm thick multi-layer graphene sample is first dosed 

with 0.75 ML of H2O  and then exposed to EUV at H2 partial pressures ranging from 10-

5  to 10-3 mbar. Prior to exposure, a defect density (I(D)/I(G)) of 0.11 is measured using 

Raman spectroscopy, which corresponds to an inter-defect distance of >24 nm). 29 As 

shown in Figure  3.2(b), with a partial pressure of 10-3  mbar of H2, there is no increase 

in region indicative for keto-enol formation, even after 60 minutes of exposure. Indeed, 

this would mean that as-grown multi-layer graphene is more resistant to oxidation 

compared to transferred single-layer graphene. 

The absence of the expected formation of a keto-enol peak on as-grown multi-layer 

graphene might be explained by a lower defect density for the multi-layer graphene 

sample. Previously investigated single layer graphene samples had an I(D)/I(G) ratio 
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on the order of 0.7 and an inter-defect distance of 20 nm. To test this hypothesis, a 

graphene layer with a higher initial defect density is exposed to identical exposure 

conditions. In this experiment, we used as-grown multilayer graphene stack, ~ 6 nm 

thick, with a higher defect ratio of I(D)/I(G) = 0.31. Again, RAIRS shows that there is 

no formation of a keto-enol peak when the water dosed surface (0.75 ML) is exposed 

to EUV at a relatively high partial pressure of H2 at 10-3 mbar. The RAIRS spectra 

indicate, therefore, that no oxidation is taking place in the MLG structure. This is 

supported by XPS measurements, which showed no increase in the C-O group 

contribution to the C1s, nor any significant change in the O1s signal. Furthermore, no 

changes in C1s sp2 to sp3 ratio are observed, while changes in the C1s are previously 

shown to change the sp2 to sp3 ratio and the C-O group contribution for transferred 

single-layer graphene under these exposure conditions.30 

 

Figure 3.2. RAIRS spectra after 60 minutes of exposure to H2O, EUV and H2 that 

show damaging of SLG at lower H2 pressures in the form of enol formation (2480 

cm-1) in contrast to MLG which does not show any enol formation even at higher 
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pressures. The hydrogen pressures and I(D)/I(G) ratios are mentioned in the plot. 

The peaks present in the spectra correspond to different O-H modes of adsorbed 

water32: stretch (3200-3800 cm-1), bend (1400-1600 cm-1) and libration (600-100 

cm-1). 

To confirm that defect density plays little role in oxidation, the defect ratio is 

modified during exposure using Ar+ sputtering. The graphene surface is exposed to Ar 

ions with an energy of 2.8 KeV for a cumulative of 35 minutes (7 times 5 minute 

sputtering, followed by H2O dosing and EUV exposure) (813 µC/cm2) which is enough 

to remove a monolayer of graphene, according to the Bohdansky-Yamamura31 model. 

Similar to earlier results, there is no evidence of keto-enol formation in RAIRS for as-

grown MLG dosed with water and exposed to EUV and H2. Furthermore, while ex-situ 

experiments such as Raman spectra showed an increase in the percentage I(D)/I(G) 

ratio from 0.31 to 0.71 after sputtering and exposure, this did not correspond to 

noticeable changes in the overall sp2 to sp3 ratio after exposure or change in the C-O 

peak, which would reflect an oxidized MLG (Figure  3.2(d)). 

3.3.2. Transferred multi-layer graphene onto amorphous Si 

Exposures are also performed for multi-layer graphene which is transferred 

(I(D)/I(G) = 0.31, after transfer) from the Mo thin film that acted as growth substrate 

to an amorphous Si layer. As described earlier, the surface is dosed with 0.75 ML of 

water, and exposed to EUV with different partial pressures of hydrogen. As shown in 

Figure 3.3, a keto-enol peak33 (2300 – 2700 cm-1) forms when the water dosed (0.75 

ML) surface is exposed to EUV at a partial pressure of 10-4  mbar of H2. Similar to the 

case for SLG, the keto-enol peak (2484 cm-1) is visible after 10 mins of exposure to H2O, 

EUV and H2.  

The increasing peak intensity suggests that 1,3 -diketone continues to form during 

exposure, likely at the edges of graphene grain boundaries, which are relatively more 

hydrophilic than mid-grain points on the graphene layer34.  
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Figure 3.3. Keto-enol formation (2300–2700 cm-1) seen in transferred multi-layer 

graphene dosed with water (0.75 ML) and exposed to EUV with a partial pressure 

of 10-4  mbar of H2.  The other peaks shown correspond to different O-H modes of 

adsorbed water35: stretch (3200-3800 cm-1), bend (1400-1600 cm-1) and libration 

(600-100 cm-1). 

 

Figure 3.4. Formation of keto-enol peak in a transferred MLG stack on aSi seen 

around ~2400-2500 cm-1, with EUV and H2O  at different partial pressures of H2, 
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after 60 minutes of exposure. Also, O-H stretches of adsorbed water (3200-3400 

cm-1) are seen. The experiments are done sequentially from I to IV, with a new 

background taken before every experiment. 

The formation of this peak is seen in more detail in Figure 3.4, curve I, where we see 

that the keto-enol peak first shows up when the H2 partial pressure is at 10-5  mbar. 

Firstly, the peak continues to grow over 60 minutes with peak intensity at 2467 cm-1. 

Secondly, after increasing the partial pressure of H2 to 10-4  mbar (curve II), the keto-

enol peak is shown to grow faster, and the peak intensity shifts to 2490 cm-1. Thirdly, 

in curve III, as the experiment is repeated at 10-5  mbar, we see that the growth rate of 

the keto-enol peak reduces compared to the experiment seen in curve I. Finally, as the 

experiment conditions from curve II are repeated again, curve IV shows that the rise in 

peak intensity is lower compared to curve II.  

 

Figure 3.5. Keto-enol peak intensity plotted against EUV and H2 exposure time for 

subsequent exposures at different hydrogen partial pressures for a transferred 
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MLG stack on aSi. Exposures are conducted in the order from I to IV at indicated 

H2 partial pressures. 

A comparison of the growth of the keto-enol peak intensity for these different 

experiments is displayed in Figure 3.5, where the peak intensity has been plotted 

against EUV exposure time. From Figure 3.5 it is observed that the growth of the keto-

enol peak for curve I (EUV+H2 at 10-5 mbar) starts at 0.002 %/min, while the rate of 

keto-enol growth increases to  0.014 %/min when the hydrogen partial pressure is 

increased to 10-4  mbar (curve II). Finally, repeating/continuing the exposure 

experiments results in curve III and IV, with growth rates of 0.001 %/min and 0.006 

%/min respectively, indicating the fact that the growth rate of keto-enol formation is 

indeed decreasing with exposure time.  
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Figure 3.6. The C1s peak in XPS for transferred multi-layer graphene before and 

after exposures (Figures 3.4-3.5) to EUV. 

Table 3.1. Atomic concentrations of spectral components of C 1s peak (C1s O, sp2 

and sp3, sp2 FWHM), O 1s peak, Si 2p and oxidized Si 2p before and after exposure 

to multiple doses of EUV, H2O and H2. 

Name 
Unexposed graphene 

(at %) 
Exposed graphene (at %) 

C 1s O/ tail sp2 carbon 2.4 ±0.2 1.21 ±0.1 

C1s sp2 76 ± 7.5 76 ± 7.5 

C1s sp3 18.7 ± 2.0 19.9 ± 2.0 

O1s 2.0 ± 0.2 1.45 ±0.2 

Si2p ox 0.42 ± 0.1 0.47 ± 0.1 

Si2p elemental 1.02 ± 0.1 0.95 ± 0.1 

C1s sp2 FWHM (eV) 0.90 ± 0.1 0.90± 0.1 

 

XPS data for a photoelectron take off angle of 34° (with respect to the surface normal) 

has been compared for transferred unexposed graphene and graphene after EUV and 

H2 exposure in Figure 3.6. Table 3.1 quantifies the spectral components seen in the XPS 

data. The C1s sp2 and sp3 peak percentages before and after exposure fall within 

margins of error of each other, indicating that the graphene layer has remained 
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unchanged after EUV exposure up to the penetration depth of XPS, which is about 5 nm 

for carbon. 36,37 Also, a Si 2p percentage around 1% is detected before and after 

exposure. The silicon signal may be due to the Si substrate, which is on the edge of 

detection by the XPS, because the graphene layer is almost as thick (~5-8 nm) as the 

penetration depth of the XPS. Furthermore, due to manufacturing defects, the graphene 

layer has holes that account for 2-3% of the total surface area, giving photoelectrons 

from the Si substrate an escape route to the detector so that the substrate is detected. 

This is further discussed in the section below.  

In our previous work on single layer graphene exposed to H2O, EUV and H2, changes 

in the sp2 and sp3 peaks are easily observable by eye.38 In the case of multilayer 

graphene, possible chemical changes in the topmost monolayers are expected to be less 

visible due to the background signal from the graphene layers below. We also 

confirmed that no detectable changes in the C1s peak are observed for a more grazing 

angle of 72° with respect to the sample normal. If di-ketone formation occurred at the 

upper-most surface, a similar (absolute) increase in sp3 peak area of the C1s peak of at 

least 11% (assuming the graphene layers below the top layer remained undamaged) 

would be expected, as previously observed for EUV exposed single-layer graphene. 

Detailed analysis of the peak fitting indicates that the same increase in sp3 peak area as 

observed for damage SLG would be detectable, also when deeper graphene layers are 

not damaged. Moreover, it should be noted that no increase in the concentration of 

oxygen (based on the O 1s peak) is observed, which is an additional indication that no 

oxidation of the graphene is detectable within the information depth of XPS. 

Therefore, this indicates that the keto-enol oxidation we see in RAIRS is most likely 

happening at the interface between the graphene and the Si, which cannot be 

characterized by XPS. 
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Figure 3.7. SEM micrographs of transferred multi-layer graphene (a) unexposed 

and (b) exposed to EUV and H2.  

 

Figure 3.8. Comparison of the density of holes less than 50 nm in diameter seen 

in transferred MLG (in field-of-view = 3 × 2.5 µm2) in a set of 10 images before 

and after exposure to EUV and H2. 

SEM images for the transferred multi-layer graphene before and after exposure are 

shown in Figure 3.7. As seen in the pictures, multiple holes are visible in the graphene 

layer. These holes are mostly around ~100 nm in diameter, with largest holes being 

~300 nm in diameter. The smaller hole sizes (<50 nm) are quantified in Figure 3.8. 

Furthermore, the holes are through the depth of the graphene layer, exposing the Si 
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substrate to the environment above the graphene layer, which is confirmed after 

looking at a cross section of a graphene layer in the SEM, as seen in Figure 3.9. 

 

Figure 3.9. Cross-section of exposed transferred MLG on amorphous Si, displaying 

the morphology of graphene on the transferred surface. The distance between the 

graphene layer and aSi surface is also indicated. 

Comparing a set of 10 images taken before and after exposure to EUV and H2, we 

find that the number of holes less than 50 nm in diameter increases after exposure. We 

see a significant difference in the number of holes less than 50 nm in size before and 

after exposure, whereas larger holes (>50 nm) remain largely unaffected due to EUV 

exposure. This has been quantified in Figure 3.8, where we see that the average hole 

density for MLG before exposure is ~2.41 holes/µm2 (σ = 0.25) in an image with field-

of-view of 3×2.5 µm2), which increases to ~3.90 holes/µm2 (σ = 0.39)  after exposure. 

Furthermore, we see a slight increase in hole percentage to total graphene area (as 

pictured in Figure 3.7) from 2.21 %  before exposure to 2.68 % after exposure. This 

increase in holes most likely corresponds to the oxidation of MLG and the breakdown 

of the graphene layer39. Furthermore, Figure 3.9 shows the cross-section of transferred 

multi-layer graphene where one could observe that it retains the rough grain structure 

graphene

Amorphous Si

32 nm 32 nm
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of the surface it is grown on, in this case Mo, and therefore rests on aSi with an irregular 

waviness of approximately 32 nm peak-valley.  

Indeed, this waviness could result in water being physisorbed between the MLG and 

aSi surface during the transfer process, with further water being introduced during 

dosing and exposures. As a result, large amounts of water can remain trapped between 

the graphene layer and the substrate, which dissociate into reactive species such as OH- 

and H+ during EUV exposure.40,41 This could support the fact that EUV photons react 

with water molecules, resulting in a trapped energy high enough to break C=C bonds 

and form small holes in the graphene layer.  

Finally, the difference in EUV-induced secondary electron yield between graphene 

and the aSi substrate can contribute to the different reactivity of as-grown and 

transferred multilayer graphene. Carbon has a reasonably low secondary electron yield 

d at 92 eV (13.5 nm) (d=0.37) as compared to the underlying substrate such as Si 

(d=0.74) or Mo (d=0.87). 42 This means that water trapped between graphene and the 

a-Si substrate has a higher probability to be dissociated, resulting in production of O 

radical species, compared to water adsorbed onto the graphene surface.5 

3.4. Conclusions 

Previously it has been shown that single layer graphene sheets, as-grown or 

transferred, are likely to oxidize and form defects when introduced to an EUV 

environment in the presence of water and hydrogen.43 In this work, we show that as 

grown multi-layer graphene is resistant to oxidation via H2O, under EUV radiation and 

the presence of up to 10-3 mbar of partial pressure of H2. This is most likely due to the 

fact that multi-layer graphene conforms to the grain boundaries of the Mo substrate 

(on which it is grown), so the only way for water and EUV photons to break down the 

graphene layer is to access it from the topmost layers of the graphene. In addition, the 

lower EUV-induced secondary electron yield of carbon (graphene) reduces the 

generation of reactive O species from water adsorbed on MLG. Indeed, the thickness of 

MLG is larger than the secondary electron mean free path (typically a few nm). Thus, 
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secondary electrons generated in the Mo substrate cannot reach adsorbed water on the 

graphene surface, contrary to the case for single-layer graphene on a substrate with a 

relatively high SE yield. In the latter case, SE electrons from the substrate can reach 

the adsorbed water through the single graphene layer. 44 This factor likely contributes 

to the absence of detectable defects formed in as-grown MLG exposed to EUV, H2O and 

H2. 

On the other hand, transferred graphene has been shown in RAIRS to oxidize and 

form keto-enol groups. Since this transfer process is polymer free, we conclude this 

keto-enol formation does not occur due to polymer residues such as PMMA. Also, XPS 

data shows that this oxidation does not occur at the top surface of the graphene layer, 

but at the interface between the graphene and the aSi. Furthermore, this interface is 

studied in SEM, which indicates that the graphene is not conformal with the surface, 

and could result in water being trapped during dosing, which could oxidize the 

graphene when irradiated by EUV photons. Water trapped at the graphene-substrate 

interface is exposed to the relatively higher flux of secondary electrons from the 

substrate and thereby more likely to initiate oxidation. Indeed, this has been shown to 

result in the formation of additional small holes (<50 nm in diameter) when graphene 

has been exposed to EUV in the presence of hydrogen. 

In summary, the results of this work show that transferred multi-layer graphene is 

susceptible to oxidation by formation of enols of 1,3-diketone compared to non-

transferred. 
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Chapter 4: Atomic H diffusion and C 
etching in multi-layer graphene 

monitored using a Y based optical 
sensor 

In this work we expose transferred multi-layer graphene on a yttrium based hydrogen 

sensor. Using spectroscopic ellipsometry, we show that graphene, as well as amorphous 

carbon reference films, reduce diffusion of hydrogen to the underlying Y layer. 

Graphene and C are both etched due to exposure to atomic H, eventually leading to 

hydrogenation of the Y to YH2 and YH3. Multi-layer graphene, even with defects 

originating from manufacturing and transfer, showed a higher resistance against 

atomic H etching compared to amorphous carbon films of similar thickness. 

4.1. Introduction 

Graphene, a hexagonally bound 2D network of carbon atoms, is shown to possess a 

number of unique physical, electronic and chemical properties.1-8  Multi-layer graphene 

as a membrane has been introduced as a potential candidate for inexpensive water 

desalination9, memory cells10 and gas separation.11 Further broadening its aspects for 

application and manufacturability in various thin-film systems, graphene growth has 

been demonstrated on transition metals such as Ir and Ru, after which it can be 

transferred onto flat or arbitrary substrates. 12,13 

Graphene has been known as an impermeable membrane with fascinating properties. 

Bunch et al.12 have shown that by applying a pressure across single-layer graphene, a 

separation barrier for even helium is created that is only atomic layer thick. Other 

research has shown graphene oxide sheets can act as selective barrier for elements with 

atomic radii larger than 0.45 nm.13 Defect-free graphene especially shows prospects as 
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an impermeable membrane, as indicated by Density Functional Theory (DFT) 

calculations.14 

Earlier experiments have shown that yttrium is known to form two stable hydrides: 

YH2 and YH3, depending on the application of a protective capping layer and the 

hydrogen desorption properties of this capping layer.15, 16 Both hydrides have clearly 

different optical properties from Y metal, which allows probing of the hydrogenation 

state with spectroscopic techniques, such as optical transmission measurements17 and 

ellipsometry.18 The stability of YH3 is investigated in the context of using Y as a 

hydrogen sensor to measure the hydrogen adsorption of and diffusion through a metal 

capping layer on Y.18 In this work, we present our findings on hydrogen diffusion 

through multi-layer graphene, placed on top of a metal capped Y film. Spectroscopic 

ellipsometry is performed in-situ to monitor the hydrogen permeation in the Y layer. 

Ex-situ measurements such as X-ray photoelectron spectroscopy (XPS) and X-ray 

diffraction (XRD) measurements are used to characterize spectral components and 

yttrium hydride peaks respectively.  

4.2. Experimental 

Thin film samples are deposited by DC magnetron sputtering, taking place in a 

chamber with a base pressure of 10-8 mbar with targets including 99.95% yttrium and 

ruthenium and 99.999% C. A layer of 70 nm of Y is coated on pre-cut 15 mm × 15 mm 

Si(100) wafer pieces, and then capped with 6 nm of Ru and/or 5 nm C. These capping 

layers protect the Y film against oxidation, as checked by XPS, which is essential for 

proper functioning of the Y film as hydrogen sensor. Next, the crystallinity and 

thickness of the coatings are measured using X-ray reflectivity (XRR) and XRD 

(Panalytical Empyrean). 

Multi-layer graphene (MLG) is grown by chemical vapour deposition (VG Scienta 

system at the NanoLab facilities at the University of Twente) on a 70 nm Mo thin film, 

sputter deposited on a SiO2-on-Si substrate (300 nm oxide thickness). MLG is grown 

using a partial pressure of 8 mbar each of Ar, H2 and CH4. The resultant graphene layer 
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(5 – 8 nm thick, determined using a Scanning Electron Microscope; Raman I(D)/I(G)= 

0.11, which translates to an inter-defect distance of 20 nm)19 is then removed from the 

growth surface and transferred on a Ru capped Y sample, using H2O2 as an etchant. 

After transfer, the resulting sample is cut to size to ensure the graphene covered the 

entire sample surface, i.e. edges not covered by graphene are removed. 

Hydrogenation experiments are performed in a vacuum chamber with a base pressure 

of 1×10-7 mbar and a hydrogen pressure of 1.3×10-2 mbar. A constant hydrogen flow 

of 115 sccm is introduced along a W filament heated to 2000 °C, placed 5 cm away 

from the surface of the sample. The filament temperature is read out using an infra-red 

temperature sensor (Raytek, RayMR1SCCF). The atomic hydrogen flux incident on the 

sample surface is estimated to be in the order of 1018 at·cm-2·s-1, based on calibration of 

the etch rate of a carbon thin film sample.20 A K-type thermocouple is used to monitor 

the sample temperature, which is maintained at 30 – 40 °C using water cooling. 

In-situ spectroscopic ellipsometry (Woollam M-2000XI) at an angle of incidence of 

75° and a spectral range of 240 – 1600 nm is used to monitor hydrogenation of the Y 

film and etching of the C film. 

X-ray Photoelectron Spectroscopy (XPS) measurements are performed ex-situ using 

monochromatic Al-Kα radiation, employing a ThermoFisher Theta Probe with a beam 

spot size of typically 1 mm in diameter.  

Heating experiments to promote hydrogen release from samples are performed by 

heating the sample in protective nitrogen atmosphere to 350 °C. This is completed by 

increasing the surface temperature in 10 degree steps and measuring the XRD peaks 

with a scan time of 5 minutes for a 2θ range of 20° to 80°. If no change is detected in 

Yttrium XRD peaks, the temperature is increased by 10 °C, and a new scan is taken. 

However, if a change in Y peak intensities is detected, a new measurement is 

consequently recorded until the peak intensities stabilized. Once stabilized, the 

temperature is again increased by 10 °C, followed by another measurement. A para-

focusing geometry with a 0.2 mm fixed divergence slit through a Ni filter for the 
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incident beam is used for XRD measurements. Furthermore, a scanning line detector is 

used to obtain a higher diffracted intensity and increased signal-to-noise ratio. 

4.3. Results and Discussion 

Previous studies have shown amorphous C removal by atomic hydrogen and it is used 

as a reference for graphene removal in this study as well. 20-22 Therefore, to provide an 

appropriate comparison of hydrogen diffusion through carbon and graphene, four 

different samples are made, as shown in Figure 4.1. Also, transfer of graphene onto a 

hydrogen sensing thin film stack involves exposure of the sensor sample to atmosphere. 

This will lead to native oxide formation on the Ru cap layer, which is expected to have 

a retarding effect on the diffusion of hydrogen into the Y film.  Type-I samples had 

multi-layer graphene which is transferred on a Ru-Y surface. For this sample type the 

Ru layer is exposed to atmosphere, leading to growth of typically 0.8 nm native 

ruthenium oxide, as evidenced by XPS. For type II samples, after Ru is grown on the Y 

film, amorphous carbon is sputtered in-vacuo on top of the Ru layer, so as to not induce 

any oxidation of Ru. For Type III samples, amorphous carbon is sputtered after 

exposing Ru-Y samples to atmosphere (for 24 hours) to initiate Ru oxidation which will 

provide a comparison to Type I samples. Lastly, a sample of ruthenium sputtered on 

yttrium (without carbon or graphene) is produced to be used as a reference (type IV). 

 

Y (70 nm)

Graphene (5-8 nm)
Ru + nat. ox. (6nm)

Y (70 nm)

Carbon (5nm)
Ru (no ox.) (6nm)

Y (70 nm)

Carbon (5nm)
Ru + nat. ox. (6nm)

Y (70 nm)
Ru + nat. ox. (6nm)

Type I Type II
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Figure 4.1. Four types of samples made with multi-layer graphene (Type I) and 

carbon (no oxide (II) and with Ru native oxide (III)) on Ru-Y surface and 

uncovered ruthenium capped yttrium film (IV). 

Ellipsometry measures the reflectance ratio (𝜌) of the thin film system the light is 

incident upon, and is parametrized by amplitude ratio upon reflection Ψ and phase 

shift Δ. 23 Therefore, a change in the reflectance of the perpendicular (𝑟')and parallel 

components(𝑟)) of polarized incident light is reflected as a change in the dielectric 

properties of the system. This is described in the equation shown below: 

 

𝜌 = 	
𝑟)	
𝑟'
= tan(𝜓)𝑒23 

 

When measuring a system composed of isotropic, homogeneous thin films with 

known optical constants, Ψ and Δ can be used to create a layer model to extract 

thicknesses of individual layers. In a complex multi-layer system, such as in our present 

study, optical constants, thickness, possible inhomogeneous composition of films and 

roughness would need to be taken into account for constructing a layer model. 

However, since the multi-layer graphene used here has a variable thickness, with 

varying surface morphology, 24 realizing an accurate layer model is challenging. In 

addition the polycrystalline Y layer will change its crystal structure upon hydrogenation 

and may form various mixtures of hydrogenation states. For this reason we only look 

to the Ψ and Δ values as finger prints for changes in hydrogenation state.28  

4.3.1. Hydrogenation of graphene on Ru/Y sensor 

We expose a multi-layer graphene on Ru-Y (Type I) sample to atomic hydrogen until 

no further change is observed in the ellipsometric angles of  Ψ and Δ, which in this case 

turned out be after ~1450 minutes exposure. The Ψ values as compared with time are 
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shown in Figure 4.2. We see for the first 500 minutes, there is no significant change in 

Ψ, as H radicals are most likely involved in the removal of the graphene layer on the 

sample. Beyond 500 minutes, as H radicals get closer to the surface after etching away 

graphene, we see Ψ at all wavelengths decreasing in intensity, except for 1689.6 nm 

and 245.2 nm for which Ψ is increasing between 500 and 850 minutes. Next, for the 

wavelengths 1689.6 nm and 1108.5 nm, we see a peak in Ψ at 1003 minutes. 

Experiments conducted by Soroka et al. 18,28 show that this peak corresponds to a YH2 

phase formation, therefore indicating that all Y has reacted with H. Prolonged exposure 

to atomic hydrogen further decreases the Ψ intensity for all wavelengths, except 245.2 

nm, below its initial state and we see Ψ values saturating after ~1400 minutes 

exposure. Soroka et al. 18 contribute this decrease in Ψ to the transition of YH2 to YH3 

and complete formation of YH3 is seen at ~1400 minutes when no change is seen for 

further atomic H exposure. 

 

 

Figure 4.2. Ellipsometry Ψ values of multi-layer graphene on a ruthenium capped 

yttrium substrate (Type I) exposed to atomic H, indicating hydrogenation of Y, 

through formation of YH2 and YH3. 
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Figure 4.3 shows the Ψ and Δ values of all four types of samples which have been 

exposed to H radicals until there is no change noticed in Ψ. Characteristic peaks in Ψ 

values for 1108.5 and 1689.6 nm occur for all sample types at 257, 489, 693 and 1004 

minutes exposure for Types IV, III, II and I samples respectively. As discussed earlier, 

this is attributed to the transition of Y to YH2, indicating that the samples hydrogenate 

in same order as these peaks appear. Thus, the sample with graphene transferred onto 

a hydrogen sensing stack shows the highest resistance to hydrogenation, followed by 

samples with amorphous C on oxide free Ru and amorphous C on Ru with native oxide. 

The reference sample of Ru capped Y (with Ru native oxide) without carbon or 

graphene shows the fastest hydrogenation.  

For ∆ values, we see corresponding troughs to the peaks seen in Ψ values. Noticeably, 

both amorphous carbon capped samples (Types II and III) show an initial linear 

increase in ∆ by about 10°, due to carbon etching off of the surface 21 For sample type 

III (amorphous C on Ru with native oxide), we see an additional, but slower increase 

in ∆ of about 4°, most likely due to the etching of native oxide present on the Ru surface 
25,26 once carbon is removed. A similar increase in ∆ is also observed in the initial stage 

of exposure of the reference Ru capped Y film (with Ru native oxide), albeit that the 

increase in ∆ is much faster (6° in 157 minutes). 25 Possibly, residual carbon in the case 

of samples type III slows down the etching of Ru oxide, but based on ellipsometry only 

it is not possible to obtain further details on a possible interplay between the etching 

mechanisms of carbon and native oxide. Both samples with amorphous carbon show 

that hydrogenation of the Y only takes place after the carbon film (and where applicable 

Ru oxide) is removed. The carbon films thus act as barrier against penetration of atomic 

H, regardless of the presence of Ru oxide. The hydrogenation of the C-on-Ru sample 

(without native oxide) is considerably slower than that of the sample with native Ru 

oxide. We speculate that this may be caused by formation of a Ru carbide layer for C 

on oxygen free Ru, that is more resistant to carbon etching and penetration of atomic 

H. In contrast, the graphene capped Ru-Y surface behaves differently, as we see a 

monotonic increase in ∆ of about 25° for more than 800 minutes before we encounter 

the trough. The more gradual slope of  ∆ could be due to the fact that the graphene 
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layer is transferred onto the surface, and does not adhere to the surface as a sputtered 

amorphous carbon layer would. 18,24 Also, we do not see any distinct linear increase 

that would be indicative of etching of Ru native oxide. As a result, graphene etching is 

seen to be more gradual than etching of amorphous carbon. During part of the first 900 

min of H exposure, graphene and native Ru oxide are probably etched simultaneously, 

due to lateral thickness variations of the graphene and holes that expose the underlying 

Ru layer.  

Multi-layer graphene which has been used for this experiment is known to contain 

holes due to artifacts in synthesis. From secondary electron microscopy pictures, these 

holes are known to be around 40-50 nm in diameter on average with the largest holes 

being ~120 nm in size. Also, holes are known to account for 2-3% of the total sample 

area.24 As such, in the frame of this experiment, one would expect these holes to form 

a direct way for hydrogen to access the underlying Ru-Y layers. On the other hand, as 

we see from the results shown in Figure 4.3, the holes do not result in rapid 

hydrogenation of graphene covered H sensing samples, since the Ψ value at λ = 1698.6 

nm only starts to increase after 600 minutes of hydrogen exposure. On the contrary, 

graphene proves to be a better barrier to hydrogenation as compared to sputtered 

amorphous carbon. This at first sight unexpected result may be explained by 

redeposition of amorphous carbon from volatile hydrocarbon species on the Ru surface 

exposed by holes in the graphene. Atomic H etching of graphene takes place through 

formation of volatile hydrocarbons.20,22 Previous experimental and theoretical results 

have shown that on clean Ru, dissociation of hydrocarbons to amorphous carbon or 

adsorbed CxHy species is more effective than formation of volatile hydrocarbons.27 

Therefore, while most of the surface is still covered with graphene, it is likely that 

amorphous carbon will efficiently redeposit on exposed Ru in holes and thereby prevent 

direct hydrogenation of the underlying Ru/Y stack through these holes. 
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Figure 4.3. Ψ values  (λ = 1698.6 nm) of different samples when hydrogenated 

by atomic H exposure. The four samples shown (in the order of hydrogenation 

speed) are Ru (with native oxide) on Y (black, Type IV), 5 nm carbon on Ru and 

Y (blue, Type III), 5 nm of carbon on Ru (with native oxide) (green, Type II) and 

Y, and graphene on Ru (with native oxide) and Y (red, Type I). 
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Figure 4.4. XPS data for a Type I sample (graphene on Ru (with native oxide)/Y) 

before and after exposure to atomic H for 1450 minutes. The peaks seen here are 

for C 1s (sp2 and sp3 components), C1s O, Ru 3d5/2 and Ru 3d3/2 and Ru oxides.  
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Table 4.1. Atomic concentrations derived from spectra from Figure 4.4 (graphene 

on Ru-Y) before and after exposure to atomic hydrogen for 1450 minutes. The 

contribution from possible oxidised C species overlaps with the tail due to 

asymmetry of the C1s peak of sp2 carbon and thus presents and overestimate of 

possible oxidised C species. After exposure the signal of remaining carbon is 

dominated by Ru, therefore no fit of different C species can be reliably obtained. 

Name Unexposed Atomic % Exposed At % 

C1s O / sp2 tail 12.2 

15.3 C1s sp2 75.2 

C1s sp3 9.9 

O1s 2.1 25.0 

Ru3d5/2 elemental 0.4 42.5 

Ru3d5/2 RuOx 0.2 8.2 

XPS data has been compared for multi-layer graphene on Ru-Y (Type I) before and 

after atomic H exposure in Figure 4.4 and Table 4.1. Firstly, the sum of the C 1s atomic 

percentage is shown to decrease from 97.3% before exposure to 15.3% after exposure 

to atomic hydrogen. This confirms that atomic hydrogen etches graphene from the 

surface, similarly as the amorphous carbon films are found to be etched, based on 

ellipsometry results from Figure 4.3. The C 1s signal remaining after exposure is typical 

for C contamination due to sample storage and handling. Thus, this supports the fact 

that there is no more graphene left on the surface after atomic hydrogen exposure. 
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Secondly, as a result of this reduction of carbon on the surface uncovering the 

underlying Ru layer, the elemental Ru concentration is shown to increase from 0.4% 

before exposure to 42.5% after exposure. Additionally, we see an increase in oxidized 

Ru (0.2% to 8.2%), which can be explained because the Ru surface is reintroduced into 

ambient pressure after atomic hydrogen exposure.  

4.3.2. Dehydrogenation of Y through graphene 

 

Fig 4.5. Intensity of diffraction peaks YH3 (002) and YH2 (111) for both a 

hydrogenated Ru-Y sample (black left Y-axis) and a graphene covered pre-

hydrogenated Ru-Y sample (right red Y-axis) during in-situ heating.28 

The in-situ ellipsometry data measured during atomic H exposure shows that 

hydrogenation of the Y sensing layer only proceeds after (most of) the carbon and/or 

graphene layer is etched away. This suggests that carbon and graphene in principle 

could form effective barriers against diffusion of hydrogen, as long as their surfaces are 

protected against direct exposure to H radicals. To check whether graphene provides 

an effective barrier for hydrogen, without exposing the graphene surface to H radicals, 

300 325 350 375 400 425 450 0

500

1000

1500

2000

2500

3000

3500

4000

4500

0

1000

2000

3000

4000

5000

6000

7000

Temperature (K)

In
te

ns
ity

 (c
ps

)
Intensity (cps)

YH3: graphene on Ru-Y (right axis)
YH2: graphene on Ru-Y (right axis)
YH3: Ru-Y (left axis)
YH2: Ru-Y (left axis)



Extreme UV photon and hydrogen radical interaction with graphene and Ruthenium 

surfaces 

 
75 

a multi-layer graphene sheet is transferred on a previously completely hydrogenated 

Ru-Y sample, where all Y is consumed for forming stable YH3. Previous experiments18 

showed that when such a fully hydrogenated Ru/YH3 sample is heated above 420 K, 

hydrogen diffuses back through the Ru film and desorbs as H2 at the surface, until all 

YH3 is converted to YH2.18 Possible changes in dehydrogenation of a pre-saturated 

sensing sample covered by graphene, might thus be used to check whether graphene 

acts as diffusion barrier, without directly exposing the graphene to atomic H. Figure 

4.5 compares the evolution of YH3 and YH2 XRD peaks as function of temperature for 

a reference pre-hydrogenated Ru/YH3 sample and a Ru/YH3 sample covered by 

graphene. We observe that YH3 starts to dehydrogenate in both samples at 423 K 

(Figure 4.5). We see, however, that in the case of graphene/Ru/YH3 the decrease of 

YH3 occurs at an about 2.5 times slower rate as compared to the Ru/YH3 reference 

sample. Consequently, reformation of YH2 also happens more gradually in the case of 

a graphene covered sample compared to the reference sample. This would indicate that 

graphene does not delay the initiation of dehydrogenation but can slow the hydrogen 

transport process.  

As discussed in previous work, the graphene film retains the texture of the rough 

molybdenum carbide film that forms during graphene growth after transfer onto a flat 

sample.24,29 The graphene film thus only adheres to a limited surface area of the Ru/YH3 

sample, leaving room for hydrogen to desorb from the Ru surface, but stay trapped 

below the graphene. This possibly explains why the onset for dehydrogenation is 

identical to the reference Ru/YH3 sample. Moreover, holes in the graphene will allow 

hydrogen desorbing from the Ru cap to escape. Unfortunately, these effects make it 

impossible to use this experiment as a proper check how well graphene blocks diffusion 

of hydrogen. 

As mentioned earlier in section 4.3, multi-layer graphene, being highly ordered,24 

resists hydrogenation better when compared to sputtered carbon. Despite 

manufacturing defects such as holes seen in multi-layer graphene, and additional 

access points for hydrogen created during the transfer process, graphene still provides 
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more resistance to etching than amorphous carbon and as a result delayed complete 

hydrogenation of a Y based sensor. 

4.4. Conclusions 

In this work, we investigated the ability of multi-layer graphene to serve as a barrier 

to the diffusion of atomic hydrogen and compared that with amorphous carbon of a 

similar thickness. Using spectroscopic ellipsometry to probe hydrogenation of an 

underlying Ru/Y stack, we do indeed see that multi-layer graphene is shown to delay 

hydrogenation of the Y sensor when compared to an uncovered and amorphous carbon 

capped Y sensor. This is due to the fact that transferred multi-layer graphene is shown 

to have a slower etch rate than amorphous carbon. The presence of small holes in the 

graphene is not found to lead to direct hydrogenation of the underlying film, which is 

attributed to redeposition of carbon from volatile hydrocarbon species created during 

graphene etching.  

Dehydrogenation of yttrium hydride is also investigated where we see that in both 

cases of graphene covered and a bare Ru capped Y sensor, YH3 starts to dissociate at 

the same temperature of 423 K. This would indicate that graphene does not delay initial 

YH3 dissociation but instead delays the release of hydrogen, evidenced by the slower 

formation of YH2 measured using XRD. This might be attributed to trapping of 

hydrogen in the voids between the Ru cap and the rough graphene layer, followed by 

slower escape of hydrogen through holes in the graphene. 

This work shows that graphene and carbon can in principle be used as barrier against 

diffusion of atomic hydrogen, provided that the outermost surface is protected against 

direct exposure to atomic hydrogen. Several metal or metal oxide layers may be 

suitable for that purpose, although it will be a challenge to grow a closed layer on top 

of carbon and graphene, because of intermixing and intercalation effects, respectively. 
30,31 
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Chapter 5: Formation of H2O on a CO2 
dosed Ru(0001) surface under Extreme 

Ultraviolet Light and H2 

In this work, we study the reaction of the dissociation products of carbon dioxide on 

a Ru(0001) surface under Extreme Ultraviolet (EUV) light with a partial pressure of 

hydrogen. Our results show that both amorphous carbon and H2O are the end products 

of the CO2 dissociation at the Ru surface, and these are produced only in the presence 

EUV and H2. Partial dissociation of CO2 on the Ru surface is an intermediate step in the 

overall reaction. Using Reflection Absorption Infrared spectroscopy (RAIRS) and 

Temperature Programmed Desorption (TPD), only water is detected as molecular 

reaction product. We further show that this reaction deactivates the Ru surface due to 

the formation of an amorphous carbon layer, thereby confirming the catalytic role of 

Ru in the total reaction.  

5.1. Introduction 

CO2 has been shown to dissociate when in contact with metal surfaces, such as Fe1,2, 

Ni1,2, W3, Re4 and Al5, into CO and O.6 In the chemical industry, transition metals are 

widely studied as catalysts,7 due to their high efficiency to convert carbon dioxide to 

methane and methanol. Thus, to understand the transition metal driven catalytic 

conversion of CO2 to other compounds, the interaction of CO2 with metal surfaces needs 

to be studied.8 

Besides its relevance for catalysis, Ru is also employed as a protective cap for optics 

for Extreme Ultraviolet (EUV) light. EUV optics must operate in a moderate vacuum 

where there may be a complex balance between, on the one side photochemical 

reactions of residual hydrocarbons and water on the cap, and on the other side, 

cleaning by hydrogen radicals. One option to control reaction pathways is to 

deliberately introduce additional species into the vacuum to consume reactive species. 



Extreme UV photon and hydrogen radical interaction with graphene and Ruthenium 

surfaces 

 
81 

For instance, a balance between ruthenium oxidation and reduction is achieved by 

controlling the partial pressure of either hydrogen or water.9  

The dissociation products of CO2 reacting with hydrogen to form hydrocarbons on the 

optics surfaces to prevent oxidation and consume excess reactive hydrogen is an 

attractive prospect in highly reactive environments, such as in the case of Extreme 

Ultraviolet (EUV) Lithography. However, to prevent oxidation and consume hydrogen 

via this pathway, a reverse water gas shift reaction needs to take place.10 Ruthenium 

surfaces have previously been used as catalyzing agents for reverse water gas shift 

reactions, but ruthenium’s interaction with CO2 has not been fully investigated.8,11 

Furthermore, this catalyzing behavior is shown in Density Functional Theory (DFT) 

calculations as well, where CO2 adsorption and dissociation is seen on a Ru surface, 

hydrogenating to form CHx species. 12,13 

Prior experiments14 have shown that CO2 adsorption on a Ru(0001) surface results 

in partial dissociation, shown by the existence of both CO2 and CO species on the 

surface. Furthermore, this dissociation is observed to saturate with increasing CO2 

coverage. Additionally, no evidence is found for oxygen desorption, indicating that the 

oxygen is consumed by forming additional CO and/or H2O via reactions with residual 

carbon and/or hydrogen on the crystal surface.  

However, these experiments are not extended to more realistic scenarios, involving 

the presence of hydrogen and EUV. Thus, it is unknown if the partial dissociation of 

CO2 is sufficient to induce further reactions with excess hydrogen. In order to 

understand the preferred reaction pathways under more realistic conditions for EUV 

optics, the reactions of CO2 on the Ru(0001) surface, in the presence of EUV light and 

H2 are studied in more detail in this work. 

For this work, the surface is characterized, in-situ, using Reflection Absorption 

Infrared Spectroscopy (RAIRS) and Temperature Programmed Desorption (TPD) 

spectroscopy. RAIRS measurements are sensitive to study the changes in adsorbed 
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molecular groups, their orientation, density, and surrounding environment via changes 

in vibrational modes.  

5.2. Experimental 

For this work, a ruthenium (0001) single crystal, 11 mm in diameter and ~3 mm in 

thickness, prepared by Surface Preparation Laboratories, The Netherlands, is used. The 

crystal is mounted on a 3-axis positioning manipulator in Ultra-High Vacuum (UHV) 

conditions and maintained at a base pressure of 10-10 mbar. A K-type thermocouple is 

spot welded to the side of the crystal to measure the surface temperature. A Eurotherm 

temperature controller is used to control the temperature of the surface.  

All surface chemistry experiments are performed in the same experimental setup, 

sequentially without breaking vacuum. The crystal surface is treated with a cleaning 

process involving oxidation, annealing and argon ion sputtering. Firstly, oxidation is 

performed to remove carbon from the surface, by increasing the surface temperature 

to 1300 K, with a partial pressure of 1x 10-7 mbar of O2 in the chamber. Secondly, ion 

sputtering is conducted. Finally, the surface is annealed at 1300 K for 30 minutes and 

flashed to 1580 K. Repeated sputtering and annealing is performed until a reference 

TPD spectrum from water and CO on clean Ru(0001) could be reproduced.15 

The experimental chamber is also equipped with RAIRS and TPD spectroscopy, and 

is attached to an EUV source16,17. RAIRS spectra are measured at grazing incidence 

using a Fourier Transform Infrared Spectrometer (Bruker vertex 70 V), equipped with 

a liquid N2 cooled mercury-cadmium-telluride (MCT) detector. Each IR spectrum is 

accumulated over 256 scans with a resolution of 4 cm-1, with background and 

measurement scans recorded at 85 K. To obtain TPD spectra, the surface is placed ~1 

mm away from the entrance aperture of a Hiden Analytical 3F/PIC quadrupole mass 

spectrometer (QMS), housed in a differential pumped system, to ensure the signal is 

dominated by surface desorption.  
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Carbon dioxide (99.998% purity; residuals: O2 2 ppm, N2 8ppm, hydrocarbon 3 ppm, 

H2O 1 ppm, CO 1 ppm) is dosed on the surface at a temperature of 85 K. This is done 

using a retractable quartz dosing tube, placed 1 cm away from the surface. CO2 is 

delivered via a pinhole mounted between the gas supply and doser, to maintain an 

effective pressure in the 10-8 mbar range near the crystal surface. Calibration of CO2 

dose is performed by comparing the amount detected via TPD against reference water 

TPD spectra. 14,17 

The chamber is attached to a Xe plasma discharge EUV source (Philips EUV Alpha 

Source) with a repetition rate of 500 Hz. The light from the source is filtered via 

reflection from a Mo/Si multilayer mirror (55%  reflectivity at 13.5 nm) and via 

transmission through a Si/Mo/Zr membrane (35% transmission at 13.5 nm)18, 

resulting in a peak transmission of 19% at 13.5 nm with a FWHM of 0.2 nm and an 

additional transmission of 9% at 21.5 nm with a FWHM of 3.1 nm. 19 20 21 The average 

intensity of the EUV beam, with a Gaussian profile (FWHM = 3 mm) is 35 – 55 

mW/cm2, which corresponds to an EUV pulse fluence of 90 – 110 µJ/cm2. 

The experimental procedure begins with dosing the cleaned (unless otherwise noted) 

Ru(0001) surface with 0.2 ML of CO2, followed by exposing the surface to EUV with a 

partial pressure of H2. A RAIRS background spectrum is recorded before dosing, and 

further spectra are recorded after dosing, and for every 5 minutes of EUV or H2 

exposure. TPD measurements are performed by heating the crystal to 600 K from 80 K 

at a rate of 2 K/s, followed by further heating to 1580 K at 10 K/s. 

5.3. Results and Discussion 

To investigate the dissociation of CO2 and its end product formation, experiments are 

first performed with an H2 partial pressure of 1×10-7 mbar under EUV illumination. In 

this case, characterization techniques such as RAIRS and TPD are unable to detect the 

formation of H2O and simple hydrocarbons (such as methane, ethylene, formic acid, 

and methanol). Also, changing the H2 partial pressure to 1×10-6 mbar, while keeping 

all the other parameters (CO2, EUV) the same, did not result in any change in RAIRS 
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OH signals (to detect water) or TPD mass spectra. Therefore, the partial pressure of H2 

is further increased to 1×10-5 mbar (keeping the parameters for EUV and CO2 the 

same), for which the results are detailed below. 

5.3.1. EUV induced surface water formation 

  

Figure 5.1. RAIRS spectra of the OH peak (3000 – 3800 cm-1) with (a) 1×10-5 

mbar H2 background pressure, (b) adsorbed CO2 + H2 background and (c)  

adsorbed CO2 and H2 background under EUV irradiation. Spectra are shown in 10-

minute exposure increments from top to bottom. 

Figure 5.1 shows the difference in RAIRS OH vibration peak size, which is sensitive 

for adsorption of molecular H2O on the surface, for different exposure conditions. As 

seen in Figure 5.1(a), the peak intensity increases with H2 exposure time for a clean 

Ru(0001) surface, indicating increasing water deposition. This water is due to an 

increased residual H2O gas pressure from the H2 gas line. 22 Similarly, an increase in 
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OH peak intensity is seen in Figure 5.1(b) for H2 exposure of a Ru(0001) surface with 

adsorbed CO2. However, the OH intensity is lower than it is in the plot shown in Figure 

5.1(a). This is due to CO2 (or its partial dissociation products) occupying sites on the 

surface which prevent H2O from adsorbing. In contrast, when Ru(0001) is dosed with 

CO2 and exposed to H2 and EUV radiation (Figure 5.1(c)), the OH peak intensity is 

significantly higher than for the other two conditions, with the only difference being 

the introduction of EUV. This indicates that more water is formed on the CO2 covered 

Ru(0001) surface when exposed to EUV in the presence of hydrogen. Figure 5.2 shows 

the rate of OH peak formation. 

 

Figure 5.2. Comparison of the OH peak area growth over the course of 60 minutes 

for a CO2 dosed Ru(0001) surface exposed to EUV with H2 at 1×10-5 mbar. The Y 

axis on the left shows the area under the inverse IR peak (3800 – 3000 cm-1),  

while the Y axis on the right shows the corresponding indicative water coverage. 

Figure 5.2 compares the growth rate of the OH peak for the three exposure conditions 

shown in Figure 5.1. Water coverage is expressed in terms of both peak area and water 

coverage. It should be noted that RAIRS is in general not quantitative. However, based 
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on a calibration of RAIRS versus TPD results on Ru(0001) in the same experimental 

set-up, an indicative water coverage can be provided based on comparison of the peak 

height in the transmission plots.16 We see that water coverage increases on the surface 

over 60 minutes for all three cases: 0.33 ML for CO2+H2, 0.37 ML for H2, and 1.36 ML 

for EUV+ CO2+H2. When a clean Ru(0001) surface is dosed with CO2 and exposed to 

EUV without introducing H2, the deposition of water from residual gas amounts to 0.70 

ML in 60 minutes. Furthermore, water deposited in the presence of EUV without CO2 

and H2 is shown to be less than 0.1 ML. The difference in final water coverage between 

EUV+CO2+H2 compared to CO2+H2 without EUV is thus 1.03 ML. The individual 

contributions due to EUV+CO2 and CO2+H2 added together would amount to 1.03 ML, 

which is also less compared to exposure to EUV+CO2+H2. The clearly higher water 

coverage after EUV+H2 exposure of a CO2 dosed Ru(0001) surface in comparison with 

all reference cases indicates that water is produced by an EUV-induced reaction of CO2 

and H2 or its partial dissociation products.  

The formation of water can be attributed to the overall reaction equation (Fischer-

Tropsch type reaction): 

CO4 + (2 + 𝑛)	H4
EUV
8⎯: CH4; + 2H4O   … (5.1) 

Although equation 5.1 could be a direct process, previous experiments14 have shown 

that CO2 partially dissociates on Ru(0001) without EUV exposure, therefore a second 

reaction path is also possible: 

CO2 → CO+𝑂	(adsorbed)     … (5.2) 

CO + O (adsorbed)+ (2 + 𝑛)H4
EUV
8⎯:CH4; + 2H4O … (5.3) 

In what follows, we show that the formation of water, under reaction conditions 

investigated here, proceeds only via the second path.  

Equation 5.1 and 5.3 show that molecular hydrogen cracks into atomic hydrogen in 

the presence of EUV,20 Both equations 5.1 and 5.3 lead to the formation of 
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hydrocarbons (CHx) and water as products. Since we do not see the formation of 

volatile hydrocarbons, the value of n can be 0, indicating the formation of amorphous 

carbon. Also, equation 5.2 can only occur on the surface of Ru(0001),14 this means 

equation 3 is limited by the formation of CO.  

 

Figure 5.3. RAIRS spectra of a CO2 dosed Ru(0001) surface before exposure to 

EUV and H2. The surface has been dosed with 0.2 ML of CO2, and maintained at 

85 K. 

Figure 5.3 shows the RAIRS spectra of a clean CO2 dosed Ru(0001) surface before 

any EUV and H2 experiments have taken place. Three distinct peaks are visible, one for 

CO2 at 2343 cm-1 corresponding to a (ν3) C=O stretch23, and two for CO at 2213 cm-1 

and 1993 cm-1 corresponding to a C=O bend and a C=O stretch, respectively24. This 

result shows that for the CO2 dose used in this study, most of the dosed CO2 partially 

dissociates to CO before the RAIRS spectrum is acquired. 

In Figure 5.4, the C=O stretch for CO is visible when CO2 is first dosed on the surface, 

followed by exposure to EUV. Figure 5.4(a) shows spectra for a reference experiment 

where a CO2 dosed Ru(0001) surface is exposed to EUV without presence of H2 (other 

than residual gas) during exposure. In this case the CO peak intensity increases over 
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30 minutes of exposure, most likely due to adsorption of CO from residual gas. As H2 

is introduced at pressures of 1x10-7 mbar and 1x10-5 mbar in Figures 5.4(b) and 5.4(c), 

respectively, we see that the CO peak intensity actually decreases over time, indicating 

dissociation of CO by a reaction that only proceeds under EUV irradiation in H2 

background. Additionally, we observe that there is no corresponding increase in the 

OH peak from adsorbed water at 1x10-7 mbar H2, while adsorbed water is produced at 

an H2 pressure of 1x10-5 mbar (see Figures 5.1 and 5.2).   

 While the sharp CO peak decreases under exposure to EUV and H2,  the formation 

and increase of a broad peak around 1983 cm-1 is observed, which might correspond to 

the vibrational frequencies of several simple hydrocarbons (methane, ethylene and 

propadiene). 23 However, since no other desorbing species than H2O, H2, CO2 and CO 

are detected by TPD, this indicates that amorphous C and/or CxHy species stay bound 

to the surface. Furthermore, the broad peak may be caused by CO molecules that have 

a different binding strength to the surface due to a change in coverage and the presence 

of co-adsorbed molecules or CxHy species25.  

This comparison of EUV exposure at different H2 pressures thus shows that the 

dissociation of CO is not a pure photochemical reaction. Only in the presence of H2 

and/or H radicals produced by EUV radiation, EUV exposure leads to dissociation of 

CO into amorphous (hydro)carbon and oxygen adsorbed on the Ru surface. At an H2 

pressure of 1x10-7 mbar, no significant formation of H2O by reactions of adsorbed O 

with H radicals is observed. Only at a pressure of 1x10-5 mbar H2, water is produced by 

(EUV induced) reactions of H2 and adsorbed oxygen originating from (partial) 

dissociation of CO2. 
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Figure 5.4. RAIRS spectra of the CO peak when Ru(0001) is dosed with CO2 and 

exposed to EUV in the (a) absence and presence of H2 at (b) 1×10-7 mbar and (c) 

1×10-5 mbar. The EUV exposure time is indicated on each plot.  

More evidence for the formation of water due to the presence of CO2, EUV and H2 is 

presented in Figure 5.5. Under EUV, CO2 and H2, the amount of water on the surface 

is measured to increase by a factor of 3.7 and 4.1 when compared to water coverage of 

a surface only exposed to H2 and CO2+H2 respectively, while only EUV and CO2 produce 

0.70 ML of water, a factor 0.5 as compared to the surface exposed to EUV, CO2 and H2. 

Furthermore, TPD spectra showed us that the other products desorbing from the 

surface are CO2, CO and H2. Simple hydrocarbons, such as methane (mass 16), ethylene 

(mass 28), methanol (mass 31), ethanol and formic acid (both mass 46), and formate 

(desorption of CO2 and H2 at the same temperature)26, are not detected. Therefore, it 

is highly likely that non-volatile reaction products, such as (hydrogenated) amorphous 

carbon are formed on the surface, although it cannot be fully excluded that small 

molecules undergo EUV induced desorption. 
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Figure 5.5. TPD spectra of H2O (mass 18) for different exposure conditions after 

60 minutes: H2, CO2+H2, EUV+ CO2+H2 at 1×10-5 mbar and EUV+CO2 at 10-9 

mbar. The plot indicates the peak desorption temperature and water coverage on 

the surface after 60 minutes in monolayers (ML), as compared to TPD peak areas 

on clean Ru(0001).14,16 The spectra have been smoothed over 4 values over 

temperature. 

5.3.2. Coverage of Ru(0001) surface with amorphous 

carbon/hydrocarbons 

If the formation of water requires partial dissociation of CO2 to CO as a first step, 

then water formation could be limited by the availability of catalytic sites on the Ru 
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sites, and to confirm that the Ru surface has a catalytic role in the CO2 dissociation 

100 125 150 175 200 225 250 275 3000.0×100

5.0×104

1.0×105

1.5×105

2.0×105

2.5×105

3.0×105

3.5×105

4.0×105

H2: 10-5 mbar

CO2 + H2: 10-5 mbar

EUV + CO2 + H2: 10-5 mbar 168 K : 1.41 ML

163 K : 0.37 ML

163 K : 0.33 ML

EUV + CO2: 10-9 mbar
167 K : 0.70 ML

Q
M

S 
in

te
ns

ity
 (c

ou
nt

s/
s)

Temperature (K)



Extreme UV photon and hydrogen radical interaction with graphene and Ruthenium 

surfaces 

 
91 

reaction, the de-activation of the CO2 dissociation reaction is studied using multiple 

reaction cycles.  

An, initially clean, surface is exposed to 5 consecutive cycles (or iterations) consisting 

of CO2 dosing, followed by 60 minutes exposure to EUV and H2 without sputtering or 

high temperature annealing the surface in between the cycles. After each cycle, the 

surface temperature is only increased to 600 K for a TPD spectrum. This ensures that 

any amorphous carbon formed on the surface stays adsorbed on the surface. For each 

cycle, the same amount of CO2 (0.2 ML) is dosed on the surface at 85 K. 

 

Figure 5.6. RAIRS spectra of OH peak for cycles of CO2 dosed Ru(0001) after 

exposure to EUV and H2 for 60 minutes. After each exposure the sample is heated 

to 600 K, after which new CO2 is adsorbed at 85 K. A new background is taken for 

each iteration, just before CO2 dosing. 
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Figure 5.6 shows that the intensity of the OH peak reduces with repeated exposures 

of EUV and H2 on a CO2 dosed Ru surface, with the intensity for iteration V being 

reduced by a factor of 4 compared to the intensity for iteration I. This indicates that 

water generation on the surface is reduced with each cycle.  

Figure 5.7 shows the water TPD spectra corresponding to the RAIRS experiment from 

Figure 5.6, with an indication of the water coverage reached after 60 minutes of EUV 

exposure time, based on reference experiments of water on clean Ru(0001).16,17 The 

intensity of the OH peak decreases with each iteration EUV and H2 exposure. These 

results confirm that the water produced by the EUV-induced reaction of CO2 and H2 

decreases for an increasing number of iterations. The final water coverage in the fifth 

reaction cycle is reduced by a factor of 2 compared to the first reaction cycle. We 

attribute the reduction to a lower availability of Ru surface sites as they are covered 

with amorphous carbon.  

Water on the surface is shown to come from two sources: the H2 line or exchange 

reactions on walls15 and hydrogen reacting with CO. As mentioned before, after 60 

minutes, 0.33 ML is attributed to the water deposited on the surface from the H2 line 

for a reference measurement of CO2+H2 without EUV, while CO2 reacting with EUV 

produces 0.70 ML. We speculate that the production of water in the latter case is due 

to reactions of CO2 with residual hydrogen on surfaces in the system exposed to EUV. 

Assuming that water adsorbs on the surface at the same rate for a clean and carbon 

contaminated surface, we can say that about 1.36 – (0.70+0.33) = 0.33 ML of the 

water adsorbed at the end of the reaction cycle is from H2 reacting with CO on the Ru 

crystal in the presence of EUV. It should be noted that such a quantitative comparison 

is not straightforward in view the long reaction times that inevitably lead to adsorption 

of residual water. However, this quantification of the amount of water formed from 

reactions on the Ru(0001) surface seems reasonably in line with the initial dose of 

~0.2 ML CO2 and the stoichiometry from reaction (1)-(3), when taking into account 

that some CO is left on the surface at the end of the reaction cycle.  
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Figure 5.7. TPD spectra of water (mass 18) for 5 cycle experiment on CO2 dosed 

Ru(0001) in the presence of EUV and H2. The plot indicates the peak desorption 

temperature and water coverage on the surface after 60 minutes exposure in 

monolayers (ML). The spectra has been smoothed over 4 values. 

TPD measurements (Figure 5.8) further show that the peak desorption temperature 

of the unreacted CO, remaining after the EUV exposure, is 469 K for the first iteration. 

This measurement corresponds to the peak desorption temperature from other 
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weakens due to the formation of amorphous carbon on the surface. 
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Figure 5.8. Peak desorption temperature of CO at the end of each cycle of EUV 

and H2 exposure to a CO2 dosed Ru(0001) surface. 

5.4. Conclusions 

This study shows the formation of H2O and amorphous carbon when a CO2 dosed 

Ru(0001) surface is exposed to EUV with a partial H2 pressure of at least 1×10-5 mbar. 

We have shown that the reaction pathway proceeds via the partial dissociation of CO2 

into CO and O. This dissociation is not driven by photo-induced processes, but is due 

to catalytic activity at the Ru surface. The overall photo-induced reaction of CO2 and 
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background, only catalytic partial dissociation of CO2 into CO and O is observed. Photo-

dissociation of the formed CO is only observed for simultaneous presence of EUV and 
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the EUV-induced generation of hydrogen radical species is most likely the rate-limiting 

step for the overall reaction. Cycles of CO2 dosing without cleaning show that the 

carbon layer covers the Ru surface, reducing the partial dissociation of CO2 and slowing 

the production of water in later cycles. This confirms that EUV-induced CO2 dissociation 

is either negligible, or does not lead to any detectable reaction products. 

These results can be understood in view of previously reported research on EUV-

induced and thermal reactions of hydrocarbons, CO2 and hydrogen on Ru surfaces. 

Experimental and theoretical results on CH4 adsorption on Ru(0001) showed that 

dissociative CH4 adsorption results in CH2 groups and surface hydrogen, which further 

dissociate to CH + H after annealing to 273 K. 27 Theoretical results in that work show 

that hydrogenation of carbon species would require significantly higher pressures (in 

the bar range) than used in this study, which explains our finding that no hydrocarbons 

or alcohols are found as reaction products. Instead dissociation and surface carbon 

formation dominates. Similarly, reported theoretical28 and experimental 29 results on 

hydrogenation of CO2 by H2 on Ru refer to hydrogen pressures in the range of 1 bar. 

EUV irradiation in hydrogen background leads to formation of hydrogen radicals, 

which are able to clean surface oxygen by H2O formation 30 and surface carbon by 

formation of volatile CHx species. 15,31,32 The results of this work show that H2O 

formation from surface O is already effective at a hydrogen pressure of 1x10-5 mbar 

and a sample temperature below 90 K, while for removal of surface C requires higher 

hydrogen pressure and/or sample temperatures, in line with the results mentioned in 

Chen et al. 33  
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Summary 

Graphene, a covalently bound, hexagonal 2D network of carbon atoms, is generally 

reported to be a chemically inert material with a high mechanical strength. Due to its 

high optical transmission, graphene is a great candidate as an optical material in the 

EUV to soft X-ray wavelength range. In this thesis, the chemical and physical 

interactions of both single-layer and multi-layer graphene is experimentally 

investigated, in order to verify and corroborate graphene’s viability for optical uses. 

Firstly, oxidation studies on single-layer graphene (SLG) are done. SLG is transferred 

from the Cu surface on which the layer was grown, to an amorphous Si surface. SLG is 

shown to oxidize when dosed with H2O and exposed to EUV radiation in the presence 

of H2. This oxidation signifies degradation of the aromatic layer of graphene in the form 

of keto-enol groups, such as enol of forms of 1,3 di-ketone, most likely occurring at 

point defects and/or grain boundaries. Experimentally, this is noted by in-situ 

reflection-absorption infrared spectroscopy (RAIRS) which indicates that ring structure 

degradation occurs through graphene oxidation by reactive oxygen species. These are 

generated through interaction of EUV with adsorbed H2O. Also, XPS shows an increase 

in the amount of C bound to oxygen and also an increase in formation of sp3 bonds, 

indeed confirming that the surface is oxidized, leading to graphene being more 

defective. Higher pressures of hydrogen enhance the oxidation of graphene, most likely 

by creation of defects by EUV generated H radicals, which subsequently can oxidize 

under exposure to EUV and H2O. This study shows that a low defect density of SLG is 

paramount for optical use, as a balance between oxidation and reduction reactions on 

a defective graphene surface cannot be achieved.  

Next, the oxidation of transferred and as-grown multi-layer graphene was 

investigated in the presence of EUV radiation and a H2 background. In this case, as-

grown MLG is shown to be resistant to oxidation when dosed with H2O and exposed to 

EUV radiation in the presence of even up to 1 × 10-3 mbar of H2. Most likely, this is due 
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to the morphology of MLG, which conforms to the grain boundaries of the surface it is 

grown on, which in this case is Mo. Additionally, secondary electrons generated in the 

underlying Mo substrate (which has a higher secondary electron yield than carbon) 

have a lower mean free path than the thickness of MLG, and therefore cannot reach 

the adsorbed water layer on top the MLG surface. Therefore, the only way for EUV-

induced chemistry to take place would be through either EUV photons, or photo-

electrons generated from graphene.  

In contrast, transferred MLG (on an aSi surface) is shown to oxidize and form keto-

enol groups (as observed for transferred SLG). However, XPS shows that this formation 

does not occur in the top-most layers of the graphene stack, and most likely takes place 

at the interface between the graphene stack and the surface onto which the graphene 

was transferred (aSi). SEM images show that graphene does not follow the morphology 

of the underlying aSi surface, but retains the morphology of the original Mo film. 

Consequently, during dosing water gets trapped between the aSi and the MLG, which 

most likely leads to graphene being oxidized when irradiated with EUV photons. 

Furthermore, SEM images show that MLG contains holes of <200 nm diameter, and 

image analysis indicates that small holes (< 50 nm diameter) are shown to increase in 

number after exposure to EUV. As such, transferred MLG is shown to be more 

susceptible to oxidation by formation of keto-enol groups when compared to as-grown 

MLG. 

Multi-layer graphene is further investigated as a diffusion barrier for atomic hydrogen 

and compared to sputter-deposited amorphous carbon of similar thickness. In this case, 

MLG was transferred onto a Ru capped Y film, and spectroscopic ellipsometry was used 

to probe hydrogenation of the Y film to YH2 and YH3. By comparing the in-situ 

ellipsometry measurements acquired during atomic H exposure of a reference Ru/Y 

sample with carbon and graphene covered Ru/Y samples, it was demonstrated that 

carbon and graphene both act as barrier against diffusion of hydrogen to underlying 

layers. However, since the exposure of graphene and carbon to atomic hydrogen leads 

to etching of carbon, eventually the carbon/graphene is removed, after which the Y 

film does hydrogenate. The experiments demonstrated that etching of graphene by 
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atomic hydrogen is considerably slower than etching of an amorphous carbon film of 

similar thickness. This investigation shows that when the surface is protected against 

direct exposure to atomic hydrogen, MLG can be used as barrier against diffusion of 

atomic hydrogen. 

As a final sub-study, Ru was investigated as a protective material with respect to 

photochemistry of carbon and oxygen containing molecules, notably CO2. A Ru(0001) 

surface was dosed with CO2 and exposed to EUV in the presence of H2. At an H2 

background pressure of at least 1 × 10-5 mbar, a combination of Ru-catalyzed and EUV-

induced reactions of CO2 is shown to lead to the formation of H2O and amorphous 

carbon on the Ru(0001) surface. The reaction pathway is shown to proceed via partial 

dissociation of CO2 into CO and O, due to the catalytic activity of the Ru surface, instead 

of by photo-chemical processes. Due to photochemical reactions and EUV-generated 

hydrogen radicals, CO is further dissociated to amorphous carbon and H2O is produced. 

The formation of amorphous carbon deactivates Ru surface sites and therefore reduces 

the partial dissociation of CO2. This was investigated by repetitive cycles of CO2 dosing 

on the Ru surface without cleaning the formed amorphous carbon. This CO2 dose cycle 

leads to a decrease in water formation, indicating that EUV-induced CO2 dissociation 

is either negligible or does not lead to any detectable reaction end-products. 

Furthermore, it was demonstrated that reduction of ruthenium oxide by EUV generated 

hydrogen radicals proceeds at relatively low pressure, where carbon cleaning is still not 

effective.
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Samenvatting 

Grafeen, een 2D hexagonaal netwerk van covalent gebonden koolstofatomen, staat 

bekend als een chemisch inert en mechanisch sterk materiaal. Grafeen heeft bovendien 

een hoge optische transmissie voor zachte röntgenstraling, wat het een geschikte 

kandidaat maakt als optisch materiaal in dit golflengtegebied. Dit proefschrift beschrijft 

experimentele verificaties van optisch relevante chemische en fysische interacties van 

enkellaags- en multilaagsgrafeen, om de geschiktheid van grafeen voor deze 

toepassingen verder te onderzoeken. 

Allereerst werd enkellaagsgrafeen, gegroeid op Cu, overgezet op een amorf Si 

oppervlak. Wanneer nu water op de grafeenlaag geadsorbeerd wordt en het monster 

wordt blootgesteld aan extreem ultraviolet (EUV) in een achtergronddruk van 

waterstof, vindt oxidatie van het grafeen plaats. Oxidatie van grafeen door water 

resulteert in de vorming van keton-enol-groepen, wat de aromatische structuur van de 

grafeenlaag degradeert. Hoogstwaarschijnlijk vormen puntdefecten en/of 

korrelgrenzen de initiatiepunten voor deze degradatie. Experimenteel is deze 

degradatie bevestigd door in-situ reflectie-absorptie-infraroodspectroscopie (RAIRS), 

waarmee aangetoond is dat reactief zuurstof, gevormd door interactie van EUV-fotonen 

met water, grafeen kan oxideren. Röntgen-foto-elektronenspectroscopie (XPS) na 

blootstelling aan water, EUV en waterstof, laat een toename zien van koolstof 

gebonden met zuurstof en daarnaast een toename van sp3 gebonden koolstof, wat 

aangeeft dat sp2-bindingen van grafeen verbroken zijn om sp3-bindingen te vormen. Dit 

bevestigt de vorming van defecten in de grafeenlaag. Hogere waterstofdrukken tijdens 

de EUV-belichting vergroten de oxidatie van het grafeen. Dit geeft aan dat EUV-

gegenereerde waterstofradicalen defecten in de grafeenlaag produceren, die 

vervolgens oxideren door blootstelling aan EUV en water. Dit deel-onderzoek geeft aan 

dat een lage initiële defectdichtheid van enkellaagsgrafeen zeer belangrijk is, omdat er 

bij grafeen geen evenwicht tussen oxidatie- en reductiemechanismen bereikt kan 

worden. 
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Vervolgens is de oxidatie van overgezet en niet-overgezet multilaagsgrafeen (MLG) 

onder blootstelling aan EUV en waterstof onderzocht. Op niet-overgezet MLG (op het 

oorspronkelijke Mo substraat) kon geen oxidatie vastgesteld worden na adsorptie van 

water en belichting met EUV met waterstofdrukken tot zelfs 1 ´ 10-3 mbar. Eén van de 

mogelijke redenen hiervoor is dat de grafeenlaag de morfologie van het Mo substraat 

volgt. Daarnaast hebben secondaire elektronen die door EUV uit het Mo substraat 

vrijgemaakt worden een kortere vrije weglengte dan de dikte van de MLG-film, zodat 

deze de waterlaag bovenop het MLG niet kunnen bereiken. EUV-geïnduceerde 

chemische reacties kunnen daarom alleen plaatsvinden door secondaire elektronen uit 

grafeen (dat een lage secondaire elektronenproductie heeft in vergelijking met Mo) en 

door directe EUV-geïnduceerde processen. 

MLG overgezet op een amorf Si oppervlak vertoont daarentegen gelijksoortige 

oxidatieverschijnselen als enkellaagsgrafeen, in de vorm van keto-enol-groepen. XPS 

laat echter zien dat deze oxidatie niet in de bovenste lagen van het grafeen plaatsvindt 

en dus hoogstwaarschijnlijk aan het grensvlak met amorf Si plaats moet vinden. 

Afbeeldingen gemaakt met secondaire-elektronenmicroscopie (SEM) laten zien dat de 

grafeenlaag niet de morfologie van het onderliggende amorf Si volgt, maar de 

morfologie van de oorspronkelijke Mo film behoudt. Als gevolg hiervan kan water 

opgesloten raken tussen MLG en Si, wat waarschijnlijk tot oxidatie leidt bij belichting 

met EUV-fotonen. SEM-foto’s laten zien dat MLG gaten met diameter <200 nm bevat. 

Beeldanalyse toont aan dat het aantal kleine gaten (< 50 nm diameter) toeneemt na 

belichting door EUV. Overgezet MLG is dus gevoeliger voor oxidatie in de vorm van 

keton-enol-groepen, in vergelijking met MLG op het oorspronkelijke groeisubstraat. 

MLG is daarnaast onderzocht als diffusiebarrière voor atomair waterstof, waarbij een 

vergelijking gemaakt is met een koolstoffilm van vergelijkbare dikte, gedeponeerd met 

sputterdepositie. Voor dit onderzoek is MLG overgezet op een Y film met een Ru 

beschermingslaag (cap), waarbij spectroscopische ellipsometrie gebruikt is om de 

hydrogenatie van de Y film tot YH2 en YH3 te meten. Door in-situ metingen met 

ellipsometrie op een Ru/Y referentiefilm te vergelijken met metingen op Ru/Y films 
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bedekt met koolstof en grafeen, kon aangetoond worden dat koolstof en grafeen 

diffusie van waterstof naar de onderliggende lagen verhinderen. Echter, omdat 

blootstelling aan atomair waterstof leidt tot etsen van koolstof, wordt bij lange 

blootstelling het grafeen / de koolstoffilm verwijderd, waarna alsnog hydrogenatie van 

de Y film optreedt. Deze studie heeft aangetoond dat de etssnelheid van grafeen door 

atomair waterstof aanzienlijk lager is dan die van een gedeponeerde koolstoffilm van 

vergelijkbare dikte. MLG kan dus in principe gebruikt worden als diffusiebarrière voor 

atomair waterstof, mits het oppervlak beschermd wordt tegen directe blootstelling aan 

atomair waterstof. 

In een laatste deelstudie is Ru onderzocht als een beschermend materiaal m.b.t. de 

fotochemie van een koolstof- en zuurstofhoudend molecule, m.n. CO2. Een Ru(0001) 

oppervlak is blootgesteld aan CO2 en belicht met EUV in een achtergronddruk van H2. 

Bij een achtergronddruk van ten minste 1 × 10-5 mbar H2 vindt een combinatie van 

door Ru gekatalyseerde en EUV-geïnduceerde reacties plaats, waarbij H2O en amorf 

koolstof gevormd wordt op het Ru(0001) oppervlak. Deze reactie begint met partiële 

dissociatie van CO2 in CO en O, door katalytische werking van het rutheniumoppervlak 

(en dus niet door een fotochemisch proces). Vervolgens zorgen fotochemische reacties 

en EUV-gegenereerde waterstofradicalen voor de verdere dissociatie van CO tot amorf 

koolstof, waarbij ook H2O geproduceerd wordt. De vorming van amorf koolstof 

deactiveert het rutheniumoppervlak, waardoor de partiële dissociatie van CO2 afneemt. 

Dit is bevestigd door herhaalde reactiecycli van adsorptie van CO2 en belichting te 

bestuderen, zonder het gevormde amorf koolstof te verwijderen. In iedere opvolgende 

reactiecyclus neemt de hoeveelheid gevormd water af, wat aantoont dat directe EUV-

geïnduceerde dissociatie van CO2 verwaarloosbaar is, of niet tot detecteerbare 

eindproducten leidt. Tot slot laat dit onderzoek zien dat reductie van rutheniumoxide 

door EUV-gegenereerde waterstofradicalen al bij relatief lage waterstofdruk 

plaatsvindt, terwijl reiniging van koolstofvervuiling bij de gebruikte druk nog niet 

effectief is. 
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