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Chapter 1 Introduction 
 

1.1 Photolithography 

Defect free imaging is of paramount importance for many optical 
systems. Photolithography, for instance, is a key process in 
semiconductor manufacturing, and a technology which requires ultimate 
imaging control. It transfers chip patterns from a photomask or 
reticle* to silicon wafers coated with a photo-sensitive lacquer, or resist. 
A simplified version of an optical lithography system, i.e. designed for 
the visible or near UV wavelength range, is shown in Figure 1-1. Light 
from a light source is collimated by a condenser lens; then the light 
passes through the reticle, where the light is partially blocked by an 
absorber pattern on the reticle, while the transmitted pattern is projected 
on the wafer by the projection optics.  
 
The smallest feature that can be patterned is often described as the 
critical dimension (CD) in semiconductor processing. Making the 
critical dimension smaller is the primary concern of the semiconductor 
industry, for two main reasons: 1) the number of devices per unit area 
can increase. Therefore, more devices (integrated circuits) will be 
produced per wafer, reducing the cost of a single device; 2) a smaller 
CD improves the performance of the device by allowing, for instance, a 
faster clock speed (frequency), and/or lower power consumption. The 
CD is given by Rayleigh’s equation: 1 

 
                                                      
* In the early days of lithography, the layout on the mask was identical to that on the 
wafer. However, in current lithography systems (wafer scanners), the pattern on the 
mask covers only part of wafer, and full wafer coverage is achieved by repetitive 
projection of this pattern on the wafer. These types of masks are usually called reticles. 
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Figure 1-1 A schematic view of an optical photolithography system. 
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where C is the critical dimension, k1 is an empirical coefficient related 
to the implementation details of the imaging system, λ is the wavelength 
of the light used, and NA is the numerical aperture (NA) of the 
projection lens. According to Eq. 1.1, the minimum feature size can be 
reduced by decreasing the wavelength of the light and k1. Phase-shift 
masks, off-axis illumination, and double patterning are used to reduce k1. 
One may notice that increasing NA will also reduce the CD. However, 
this will raise another concern in the design of the lithography optics: 
the depth of focus (DOF) diminishes. The DOF is a measure of the 
tolerance of displacement of the reticle or the wafer perpendicular to the 
surface. The DOF constrains the thickness of the photoresist and the 
topography of the wafer, and is given as:1  
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Where f is the depth of focus, k2 is also an empirically determined 
coefficient. If an optical system is designed to have a larger NA to 
reduce the critical dimension, at the same time, the DOF will be reduced 
at an even faster rate, since it has a quadratic dependence on the NA. 
Note that k1 and k2 both depend on a large number of practical factors, 
such as process parameters, resist, the type of reticle, and the type of 
illumination. Typically, they are both in the range of 0.5 to 1.0.2  
 
Eq. 1.1 and 1.2 also provide the basis for understanding how defects on 
the optics, such as mirrors, lenses, and reticles, can influence their 
imaging performance. For example, a particle on a reticle can be imaged 
(or printed) within the depth of focus on the wafer. The creation of 
reticle defects and their imaging are discussed in detail in Sec. 1.2. 
 
As mentioned above, the critical dimension is dependent on the 
wavelength of the light source used in the lithography system. In the 
early days, gas discharge mercury lamps (sometimes with noble gases, 
such as xenon) were used. The light produced by such lamps was 
filtered to select particular wavelengths: 436 nm, 405 nm, and 365 nm. 
However, as the shrinkage of the integrated circuit feature size 
continued, shorter wavelengths were required for lithography. To 
decrease the wavelength, excimer lasers, such as KrF at 248 nm and 
ArF laser at 193 nm, were developed. Currently, the most advanced 
lithography systems use immersion techniques with a water film 
between the lens and the resist, allowing an effectively larger value of 
NA. This technique is capable of printing features down to 14 nm with a 
complex combination of techniques, such as double-patterning or 
quadruple-patterning, i.e., a single layer is patterned by using multiple 
exposure/etch processes.3 However, these more complicated patterning 
procedures make the contribution of photolithography to the overall cost 
of integrated circuit fabrication larger.4  
 
The next generation lithography, extreme ultraviolet lithography 
(EUVL), operates at a wavelength of 13.5 nm. The large decrease in 
wavelength will allow features smaller than 22 nm to be printed using 
simpler patterning techniques. A sketch of an EUV lithography system 
is shown in Figure 1-2. In such a system, 13.5 nm EUV light is 
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generated by ionizing droplets of tin with a powerful laser (e.g., CO2 
laser). Due to the high absorption of EUV light by all materials, 
reflective optics, including the reticle, are used instead of transmissive 
optics. To achieve high reflectance, multilayer mirrors, composed of 
molybdenum and silicon layered stacks, using the principle of Bragg 
reflection, are applied in EUVL systems.5, 6 Since the maximum 
reflectance of such Mo/Si multilayer mirrors is about 70% at 13.5 nm, 
the number of mirrors in the EUVL system is limited to maximize the 
light intensity at the wafer. Furthermore, the optical path has to be kept 
in vacuum conditions to prevent absorption by gases, such as nitrogen 
or oxygen.7 The first EUV lithography systems are currently in 
operation, and successfully printed IC devices have been reported.8  
 

 
Figure 1-2 Schematic diagram of an EUVL system.  

  
 

1.2 EUV reticles and reticle defects  

In current lithography systems, patterns on the reticle are transferred 
onto the wafer through the projection optics with a demagnification 
factor of, typically, 4. Due to the demagnification, this relaxes the 
constraints on the precision of reticle patterns, e.g., a feature size of 
88 nm on the reticle can be used to print 22 nm size features on the 
wafer. However, the demagnification factor cannot be increased 
substantially, because larger demagnification requires either a larger 



Introduction 

5 

reticle substrate size, or a reduced printing field size (therefore, more 
reticles are required per chip design). As the critical dimension of the 
chip devices shrinks, so does the feature size on the reticle, making 
reticle fabrication more challenging. The fabrication of EUV reticles 
contains two main processes: EUV reticle blank fabrication, and reticle 
patterning with an absorber. A fabrication process is indicated in 
Figure 1-3. EUV reticles require a flat and ultra-low thermal expansion 
material (ULE) as a substrate. On top of the substrate, a multilayer (ML: 
e.g., Si/Mo) is deposited. The multilayer is protected from oxidation by 
a capping layer. A backside, conductive coating is applied to allow the 
reticle to be electrostatically clamped in the EUVL tool. After defect 
inspection and repair, the reticle blank fabrication is complete. Reticle 
patterning starts with the deposition of a buffer layer and an absorber 
layer. The buffer layer protects the ML during absorber etching and/or 
repair. The absorber patterning is created using e-beam writing and dry 
etching. The whole reticle is then inspected and repaired if any defects 
are present. As a last step, the buffer layer is removed from the exposed 
parts of the ML, and a final inspection and cleaning procedure is applied. 
 

 
Figure 1-3 EUV reticle fabrication process. Figure is based on reference.9 
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Figure 1-4 Different types of defects in EUV reticles. 

 
 
EUV reticles are sensitive to defects, both on the surface, as well as in 
the deposited structures. Reticle defects become printed defects on the 
wafer, leading to a reduced number of working chips. Defects can be 
introduced during reticle fabrication, reticle handling, and exposure in 
EUVL. Mainly, there are five types of defects in EUV reticles: 
bumps (particles) and pits on the substrate, particles in the ML, defects 
in absorber patterns, and particles deposited on the reticle during 
handling or exposure, as shown in Figure 1-4. Bumps, particles, or pits 
at the substrate level, can propagate to the ML through the deposition 
process. These defects distort the flatness of the ML, leading to a 
perturbation of the reflected wavefront, i.e. a spatially dependent phase 
deviation, which degrades the sharpness of the projected image. It is 
required that there are no particles with a size larger than 
50 nm (spherical equivalent).7 During ML deposition, particles can be 
accidentally introduced. Depending on their location, particles near the 
top of the ML will directly absorb EUV light (amplitude defect), while 
particles near the bottom of the ML will cause deformation of the ML, 
resulting in wavefront distortion. Other amplitude or phase defects in 
the ML are voids, and swelling or compaction of the ML. In principle, 
for the 22 nm process node, no particles with a size larger than 
25 nm (spherical equivalent) should be present in the ML. This 
requirement is relaxed to 0.003 defect/cm2 for the stage of high volume 
manufacturing.7 In the absorber, defects can take the form of missing 
absorber, or undesired extra absorber, as shown in Figure 1-4. Those 
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defects could be repaired by an advanced focus ion beam (FIB) 
deposition and milling technique.7 The last type of defect is particle 
contamination on the EUV reticle, which can be introduced during 
reticle storage, handling, and exposure. In this thesis we will investigate 
mitigation strategies for particle contamination introduced during 
exposure in EUVL systems. 
 

1.3 Particle contamination on reticles in 
EUVL 

EUV lithography systems require a clean environment, especially on the 
reticle, to ensure that the reticle pattern is printed with high fidelity. 
Although EUVL operates under vacuum conditions (~10-2 mbar H2), 
contamination with small particles is unavoidable. For example, 
particles can come from the plasma light source, wearing of mechanical 
parts, dust introduced during system assembly, manufacture debris, and 
photoresist. These particles can be picked up by gas flows and 
transported to other places, e.g., EUV reticles or ML mirrors. Although 
the EUV reticle is placed facing down to prevent particles depositing on 
its surface, particles carried by the gas flow can hit the EUV reticle 
surface, and stick to the surface via van der Waals forces or, if charged, 
by electrostatic forces. The minimum particle size which will cause 
defects on the wafer can be calculated from:10, 11  

 
where s is the particle size, C is the critical dimension as described in 
Eq. 1-1, M is the demagnification factor of the imaging system (=4), E 
is the mask (reticle) error factor, which indicates the influence of the 
errors on reticles to the printed patterns on wafers. E is defined as the 
derivative of the CD at the wafer to that at the reticle (corrected with the 
corresponding demagnification ratio).  It depends on feature size, 
pattern type (line or contact), exposure parameters, illumination 
conditions, etc.12 Typical values are usually calculated and fall within 
the range: 1.5-3.5.10, 11 Thus, for example, the minimum particle size 

 
1
2

C Ms
E
∗
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that will cause defects on the wafer for the 22 nm process node can be 
calculated by Eq. 1-3 to be approximately 25 nm. 
 
The three key aspects of a particle contamination control strategy are 
prevention, detection, and cleaning. The current strategy to mitigate 
particle contamination in an EUV system is to design, build, and 
maintain a clean system.13 However, the number of particles that are 
allowed to be present on the reticle during exposure is rapidly reducing 
to improve system productivity, therefore, new developments are 
required. As EUV lithography comes closer to volume manufacturing, it 
becomes increasingly important to control particle contamination, and, 
particularly, maintain a particle-free reticle in the lithography system.  
 
In current, immersion-based lithography systems, DUV (deep 
ultraviolet) pellicles are used to protect reticles from particle 
contamination (Figure 1-5).14 A pellicle is placed beyond the depth of 
focus (Eq. 1.2) — typically, a distance of a few millimeters away from 
the reticle. Although particles with size larger than 5 µm will not be 
imaged sharply2, they will, instead, reduce the light intensity at the 
wafer due to shadowing, and create strong diffraction fringes, which 
will distort the image at wafer.11 However, these relatively large 
particles can be quickly and reliably detected by optical inspection 
techniques based on light scattering. For EUVL systems, in contrast, 
although being investigated, there were no pellicles available when this 
PhD project started.13, 15 Therefore, particles are able to deposit onto the 
reticle, where they will be imaged sharply on the wafer since they are in 
the object plane (Figure 1-5).  
 



Introduction 

9 

 
Figure 1-5 Particle contamination of (a) DUV reticle and (b) EUV reticle. The 

dashed lines indicate a EUV pellicle was not ready when this PhD project 
started. 

 
Reticle handling and storage techniques have been introduced to reduce 
particle contamination to acceptable levels.16 However, during exposure, 
particle contamination is still a significant problem. Inside the 
lithography system, although the reticle is in a vacuum environment, 
particles are still able to deposit onto the reticle due to the lack of a 
protective pellicle. Therefore, an inspection, cleaning and protection 
strategy is required to control particle contamination on the reticle. Here, 
in this thesis, inspection and protection will be discussed.  
 
 

1.4 Inspection of particle contamination 

Currently, there are three main reticle inspection techniques: light 
scattering techniques (dark field or bright field imaging) using 193 nm 
light sources, electron beam based inspection, and at 
wavelength (13.5 nm) actinic inspection. These tools, either 
commercially available or under development, still need to improve 
their sensitivity, throughput, and/or cost to be integrated as in situ 
inspection in EUVL. The primary requirements for in situ inspection of 
EUV reticles are detection of 25 nm or larger particles for the 22 nm 
node within 1 hr with an inspection area of 132 x 132 mm2. Commercial 
tools, e.g. the Surfscan from KLA tencor, or the UVision from Applied 
Materials, are used to inspect reticles before they are patterned. These 
tools are based on laser scatterometry. As illustrated in Figure 1-6, light 
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illuminates the surface from a certain angle. The surface will reflect the 
light specularly, while particles will scatter the light over a range of 
angles, determined by the shape and composition of the particle. 
Commercial tools, based on light scattering techniques, such as dark 
field imaging, are capable of very fast and high resolution 
measurements, e.g., the KLA SP3 can scan a standard 300 mm wafer in 
a few minutes with a sensitivity of 26 nm. However, laser scatterometry 
cannot be used to find particles on the patterned surfaces of the EUV 
reticle, since the scattering due to particles cannot be distinguished from 
the scattering due to the pattern. For patterned surfaces, a different 
method is used. The surface is imaged at very high resolution (i.e., sub-
100 nm pixels using 193 nm deep UV light) and the image is compared 
to the image of a nominally identical location elsewhere on the 
wafer/reticle (die-to-die analysis) or to a calculated (or reference) image 
(die-to-database). In this way, it is possible to detect and distinguish 
defects due to a particle on the reticle. This method is very effective but 
typically very slow (it takes a few hours for inspection of a whole 
reticle) compared to laser scatterometry.11  
 
The main challenge for fast, in situ EUV reticle inspection is the 
detection of particles on a patterned surface with the same efficiency 
and speed of laser scatterometry. The difficulty lies in the fact that a 
particle on a reticle, from the scattering point of view, will look exactly 
like a pattern feature. However, if the pattern is periodic (i.e., memory 
banks), scattering from these periodic patterns is predictable (diffraction 
patterns), while the scattering from a particle with an unknown shape is 
not predictable. Simple periodic structures, as shown in Figure 1-6, will 
produce diffraction orders that have equal angular spacing (purple 
dashed lines). The diffracted light from the pattern is collimated by a 
lens. The light from the periodic structures will be reimaged at the focal 
plane of the lens. By placing beam stops at the locations of the dots 
(called a Fourier filter), these diffraction orders are blocked. The particle 
diffracts light over a continuum of angles, so much of the spatial 
information from the particle is transmitted by the filter. Therefore, the 
scattered light from the reticle patterns can be filtered out, leaving only 
the scattered light from the particle. This can be easily realized by an 
extension of current laser scatterometry. Figure 1-6 shows a schematic 
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of this technique. It has been shown that particles as small as 50 nm can 
be detected in patterned areas, even in case of particles located on top of 
a feature.11 However, such an approach fails in presence of non-periodic 
patterns (i.e., periphery of memory chips). 
 

 
Figure 1-6 Schematic diagram of an inspection technique, based on laser 

scatterometry. (a) Inspection of particles on a reticle blank; (b) Inspection of 
particles on a reticle with periodic structures. The optics are designed to 

collect certain diffraction orders from periodic structures and later filter them 
out, leaving only the light scattered from the particle. 

 
Other inspection techniques like electron beam based inspection are still 
under development. A normal SEM cannot provide sufficient 
throughput to inspect 25 nm particles on a full EUV reticle (~100 mm x 
100 mm). A novel electron beam inspection system was developed by 
Toshiba and Ebara Corporation to achieve the requirements for high 
sensitivity, high throughput, and relatively low cost. In their system, as 
shown in Figure 1-7, they combine projection electron beam 
microscopy, a time delayed and integrated (TDI) sensor to acquire 
images while scanning the reticle, and a parallel image processing unit 
to do real-time inspection. A more detailed description can be found in 
ref.17 The large field of view, compared to a normal SEM, allows high 
throughput scanning of reticles.17-19 In 2011, they have demonstrated 
that 30 nm polystyrene latex sphere (PSL) particles on 88 nm 
Line/Space patterns can be detected. Later on in 2012, they 
demonstrated the detection of 20 nm PSL particles on a full size reticle 
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blank within 1 hr at 100% capture rate.19 Progress has been focused on 
reticle pattern (absorber) inspection, and inspection of particle 
contamination on patterned reticle is still under research and 
development. However, the sensitivity of this technique depends on the 
secondary electron emission from the contaminant particles. Therefore, 
detection of other type of particles, e.g., metals, and metal oxides, needs 
to be investigated. Besides, due to its size and system complexity, it is 
not possible to integrate this technique inside the EUVL system for in 
situ inspection. Although transfer of the reticle from the EUVL system 
to the e-beam inspection system can be arranged via vacuum, there is 
still a risk of adding particles to the reticle during handling after a reticle 
has been inspected. Another concern is that, compared with visible light 
inspection, carbon contamination is induced by electron beam 
irradiation, which will reduce EUV reflectivity.20, 21  
 

 
Figure 1-7 Schematic view of the EBEYE (EBEYE = name of the tool) 

inspection system. Figure is based on reference19. 
 
Actinic inspection is yet another promising technique for EUV reticle 
inspection. This technique detects the reflected EUV light or the 
photoelectron/photon emission from the contaminant particles induced 
by the EUV irradiation. Until today, there is still debate on whether 
“actinic only” defects exist on EUV reticles, i.e., defects that only 
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appear under illumination of EUV light. The advantage of this technique 
is that it is able to detect defects buried inside multilayers or absorbers, 
and bumps or pits in a reticle, as shown in Figure 1-4. These defects are 
very difficult or even not possible to detect by optical scattering 
techniques or e-beam based inspection, while defects buried in the 
multilayer will deteriorate the reflection of EUV, thus, the defect can be 
detected. In 2010, when this PhD project started, actinic inspection was 
the subject of intense research activity. For example, an EUV 
Schwarzschild microscope developed at the University of Hyogo in 
Japan, synchrotron-based high-magnification EUV zoneplate imaging in 
Lawrence Berkeley National Lab in the US, and EUV AIMSTM at Carl 
Zeiss in Germany.22 However, these activities mainly focus on reticle 
blank inspection and aerial image microscopy (a technique used to 
predict a mask or reticle’s imaging performance in a lithography system 
without printing into photoresist). Carl Zeiss has demonstrated that their 
latest AIMSTM EUV system is able to inspect EUV reticles for the 
16 nm process node and announced that they expect to deliver their first 
system to a customer in 2015.23 For particle and pattern inspection on 
EUV reticles, little study has been conducted. Furthermore, one of the 
remaining bottle necks is developing an EUV light source with 
sufficient brightness (Radiance: more than 1000 W/(sr∙mm2)).24 
Similarly to SEM inspection it is difficult to integrate this technique 
with an EUVL system. Therefore, this inspection method might add 
particles because of handling the reticles outside of the EUVL system. 
Finally, the cost of such an inspection method is high. 
 

1.5 EUV Pellicle: prevention of particle 
contamination 

The EUV reticle can be protected from particle contamination by 
placing it behind a pellicle. The pellicle should be resistant to EUV 
induced chemical reactions, highly transparent to EUV, and 
mechanically robust. An EUV pellicle has to meet practical 
requirements: light transmission above 90%, sufficient robustness to  
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Figure 1-8 EUV (13.5 nm) transmission of a Si membrane as function of 

thickness. The dashed line indicates the minimum transmission requirement for 
an EUV pellicle. The transmission value is calculated using the online tool 

from CXRO.25  
 
withstand an acceleration of 100 m/s2, a pumping speed of 3.5 mbar/s, 
and a heat load of 2.5 W/cm2 (single pass, equivalent of 250 W/cm2 
source power). Current DUV pellicles, based on organic membranes, 
are not suitable for EUVL, due to their high absorption of EUV light. Si 
was chosen as EUV pellicle material due to its low absorption of EUV 
and existing manufacturing techniques. However, in order to meet the 
transmission requirement, an EUV pellicle based on Si needs to be thin. 
Figure 1-8 shows the theoretical EUV transmission of a Si based 
pellicle depending on thickness. This figure indicates that to achieve 
90% transmission, the Si membrane has to be thinner than 60 nm. Such 
an extremely thin membrane will lack the mechanical strength and 
thermal conductivity required for a pellicle. Several investigations have 
reported that this type of pellicle suffers from imaging performance 
degradation, manufacturing issues, and rupturing due to repeated rapid 
thermal expansion and contraction.15 Recent advances in poly-silicon 
based thin membrane technology led to renewed research activities on 
EUV pellicles. ASML has demonstrated a full-size (106 x 139 mm2) 
poly-silicon pellicle with an EUV transmission of 84% (thickness: 
57 nm including two capping layers). However, the EUV 
transmission (>90%), thermal shock resistivity, and mechanical strength 
require further improvement before the poly-silicon pellicle meets the 
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requirements for industrial application. Therefore, alternative material 
for the pellicle such as graphene is investigated in this study. 
 

1.6 Outline of this thesis 

Particle contamination mitigation on reticles is of critical importance for 
high volume manufacturing with EUVL. In this thesis we have explored 
two strategies, inspection and protection of EUV reticles, to achieve 
particle mitigation.  
 
We propose a comparison-free and in situ inspection method, using the 
intrinsic photoluminescence from contaminant particles to detect their 
presence on the reticle. An advantage of this inspection method is that it 
is possible to identify the type of contaminant particles from their 
photoluminescence spectrum, thus allowing an appropriate cleaning 
mechanism to be chosen. Furthermore, photoluminescence based 
inspection can detect particles on patterned areas of an EUV reticle. Our 
inspection system also has the potential to be integrated to the 
lithography system so that it avoids the loading-unloading 
cycle (thereby avoiding additional particle contamination due to 
additional handling) of the EUV reticle. In Chapter 2, we discuss the 
fundamentals of photoluminescence and the principle of 
photoluminescence.  
 
To determine the feasibility of photoluminescence-based inspection as a 
detection method for particle contamination on EUV reticles, we have 
conducted experiments and present the results in Chapter 4. We have 
analyzed the photoluminescence spectrum from different particles found 
in EUV lithographic systems and determined the minimum detectable 
particle size. We have shown that our apparatus has the potential to be 
integrated into EUV lithography systems, allowing in situ inspection. 
 
In the second part of this thesis, we have investigated graphene as a 
candidate material for an EUV pellicle to protect reticles from particle 
contamination.26-33 A single layer of graphene has a theoretical 
transmission of 99.8% at 13.5 nm.25 It was reported as one of the 
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strongest materials, with a Young’s modulus of 1 TPa, and a tensile 
strength of 130 GPa.32 The thermal conductivity of graphene was 
reported to be approximately 5x103 W/m K.34 The high thermal 
conductivity and ultra-low interfacial thermal resistance between 
graphene and metals could be an important advantage in thermal 
management.35 Despite the promising properties of graphene, its 
chemical inertness under EUV exposure conditions is not yet fully 
understood. It is of critical importance to understand the chemical 
stability of graphene during EUV exposure, particularly for reticle 
lifetime considerations. In Chapter 3, a general introduction to graphene 
is given. Raman spectroscopy, a common technique for characterizing 
graphene is discussed as well. In chapter 5, 6, and 7, an investigation of 
the chemical stability of graphene under EUV irradiation is presented. 
Preliminary experimental results on multi-layer graphene under EUV 
irradiation are presented in Chapter 5. These results show that defects 
can be created in graphene during EUV irradiation. A series of 
controlled experiments on single layer graphene that determine the 
sources of defect formation in graphene during EUV irradiation: EUV 
photons, EUV induced plasma, and EUV induced photoelectrons, are 
presented in Chapter 6 and Chapter 7.  
 
Valorization aspects of this work are discussed in Chapter 8, followed 
by conclusions in Chapter 9. 
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Chapter 2 Photoluminescence 
 

2.1 Introduction 

 
Photoluminescence is a light emission process from any substance when 
electronically excited after the absorption of light. Depending on the 
nature of the excited states and the emission pathway, it is formally 
divided into two categories: fluorescence and phosphorescence.  
 
The fluorescence phenomenon was first observed from a quinine 
solution in sunlight by Sir John Frederick William Herschel in 1845.1 
Later on, in 1852, Sir George G. Stokes observed that fluorescence 
typically occurs at longer wavelength compared with the excitation 
light.2 The difference between the absorption wavelength and emission 
wavelength is, therefore, named the Stokes shift. In his experiments, 
Stokes used ultraviolet light, filtered from sunlight by a blue window 
glass. This glass filter selectively transmitted light under 400 nm, which 
was absorbed by the quinine solution. The incident light was removed 
by a yellow glass of wine (filter). The emission from a quinine solution 
is near 450 nm, therefore, it is easily observed by the human eye. 
Quinine was used to develop spectrofluorometers to monitor 
antimalarial drugs around 1950s.3 This resulted in a subsequent program 
at the National Institutes of Health to develop the first practical 
spectrofluorometer.3 Fluorescence is also used for high sensitivity 
detection. In 1877, fluorescein was used to demonstrate that the River 
Danube and Rhine were connected by underground steams. Fluorescein 
was first put into River Danube, after six hours, its characteristic green 
fluorescence appeared in a small river that led to River Rhine.4 Today, 
fluorescein is still an important emergency marker for locating people at 
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sea. Another important application of fluorescence is the fluorescence 
microscope invented in 1910s by German scientists Otto Heimstadt and 
Heinrich Lehmann.5 The fluorescence microscope is widely used in cell 
biology to increase the contrast of bacteria, as well as animal, and plant 
tissues.  
 
The fluorescence process includes sub-processes: light absorption, 
relaxation, and light emission, as illustrated by the Jablonski diagram in 
Figure 2-1.6 The electronic energy state of a molecule determines the 
distribution of electrons and the molecular geometry. Several different 
electronic states can exist, illustrated in Figure 2-1 as S0 (ground state), 
S1 (first excited state), and S2 (second excited state). Each of the 
electronic energy states is further subdivided into a number of 
vibrational and rotational energy levels. The ground state is usually a 
singlet state, where the electrons are spin-paired with anti-parallel spin 
orientation, thus, the total spin angular momentum is zero. At room 
temperature, molecules usually exist at the electronic ground state, and 
thus, the light excitation process originates from the ground state. 
 
When electrons undergo a transition from one energy state to another, 
they have to fulfill both conservation of energy and momentum. Since 
photons carry an intrinsic angular momentum corresponding to s=±1, 
the change of electron momentum must compensate for the angular 
momentum carried by the photon. Therefore, some transitions are 
allowed, whereas other transitions are forbidden. A selection rule 
determines which transitions are allowed. They are defined to identify 
the transitions that conserve the angular momentum when a photon is 
absorbed or emitted. 
 
In quantum mechanics, the energy levels of a molecule can only be 
certain quantized values. Therefore, absorption of light to promote an 
electron from the ground state to an excited state occurs in discrete 
amounts of energy (photon energy). Absorption of photons can happen 
at any photon energy, but the probability of absorbing a photon is 
strongly maximized when the energy of the photon matches the energy 
difference between energetic states. In this thesis we will only discuss 
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fluorescence processes associated with electronic transitions within the 
ultraviolet to visible light wavelength range. 
 
In Figure 2-1, there are two absorption transitions: the left-hand purple 
vertical arrow indicates a transition from the ground state to the third 
vibrational state of the S2 (second excited state manifold); the right-hand 
purple vertical arrow describes another transition where the electrons 
are promoted from the ground state to the third vibrational state of the 
S1 manifold. 
 

 
Figure 2-1 Jablonski energy level diagram. The thicker horizontal black lines 
represent electronic energy levels, while the thinner lines denote the various 
vibrational energy states. Transitions between the states are illustrated as 

straight or wavy arrows, depending on whether the transition is associated with 
absorption or emission of a photon (straight arrow) or results from a molecular 

internal conversion, vibrational relaxation, or intersystem crossing(wavy 
arrows). Figure is based on reference.7 

 
After the electron is promoted to a certain excited state, several 
processes will occur. The electron may return to lower vibrational 
energy levels within the manifold by vibrational relaxation. If 
vibrational energy levels strongly overlap with electronic energy 
levels (S1 and S2 manifold in Figure 2-1), a possibility exists that the 
excited electron can make a transition from a vibration level in one 
electronic state to another vibration level in a lower electronic 
state (pink arrow). This process is called internal conversion. The 
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electrons may also return to the ground state by emitting a photon. This 
process is known as fluorescence. The electrons can also return to a 
higher vibrational level of the ground state, from which it will return to 
a rotational or vibrational state that returns the atom to thermal 
equilibrium state with the bath.  
 
The excited electron can also return to the excited triplet state (a state 
which contains electrons with parallel spin orientation, thus, the total 
spin is 1 instead of 0 in a singlet state) via an intersystem crossing. 
These electrons in the triplet state will be further relaxed to the ground 
state by emitting a photon (phosphorescence). Meanwhile, non-radiative 
decay of the excited electron can also occur from the triplet state. 
Transitions from the triplet excited state to the singlet ground state are 
“forbidden” in classical physics. However, in quantum mechanics, these 
transitions will still rarely occur, which leads to a long lifetime of the 
phosphorescence. One of the main differences between fluorescence and 
phosphorescence is that the electron relaxes from different excited 
energy states. In fluorescence, the excited state is a singlet state, where 
the electrons are paired so that the net spin is zero. Therefore, the 
transition to the ground state is spin allowed, and the emission rate is 
typically 108 s-1. In contrast, phosphorescence is emission of light from a 
triplet excited state, where the electrons are unpaired so that the spin 
orientation is parallel and the net spin is 1. Therefore, transitions from 
the triplet state to the ground state are forbidden, which means the 
transition cannot proceed through the most efficient way (dipole 
moment). However, there is still a certain possibility that transitions 
occur, but at a relatively low rate, which is typically at 103- 10 s-1.  
 
Other relaxation pathways exist to compete with the fluorescence or 
phosphorescence emission processes. The electrons in excited states can 
be relaxed through non-radiative pathways, i.e., dissipate the energy as 
heat, quenching, or by transferring energy to a nearby molecule via a 
collision. 
 
Figure 2-2 shows the absorption and emission spectra for several 
different electronic transitions. The blue curve is the absorption 
spectrum, and the dashed dark blue arrows indicate the electronic 
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transitions from ground state to different vibrational energy levels of the 
excited state. In solids, the absorption spectrum is typically broadened 
due to factors like the closely spaced vibrational energy levels, defects, 
and the presence of isotopes, which allows a range of photon energies to 
match the electron transition. An excitation spectrum is generally 
obtained by scanning a range of wavelengths while recording the 
emission intensity at certain single wavelength. Likewise, exciting a 
fluorophore at a single wavelength while measuring the emission 
intensity over a range of wavelengths will result in an emission 
spectrum. The various transitions have different probabilities. 

 

 
Figure 2-2 A schematic of absorption and emission spectra. Figure is based on 

reference.7 
 
According to the Franck-Condon Principle, as shown in Figure 2-3, an 
electronic transition between two states will be more likely to occur if 
the wave functions of these two energy states have a more significant 
spatial overlap.8, 9 One may notice that the absorption and emission 
spectra shown in Figure 2-2 are mirror images with respect to each 
other. The reason is that the probability of an electronic transition 
between ground state and a particular vibrational energy level (0 to 1 in 
Figure 2-3) is similar to the probability of the reciprocal transition. 
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Figure 2-3 Franck-Condom principle energy diagram. Different level 

vibrational state is shown with v= 0,1,2,3. The yellow area indicates the 
vibrational energy distribution probability. The figure shows that the favoring 

transition is between v = 0 and v=1. Figure is based on reference.7  
 

 
Figure 2-4 Absorption and emission spectra which do not obey the mirror 

image rule due to vibrational relaxation. Figure is based on reference.7 
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In many cases, electrons are promoted to the higher excited electronic 
states due to absorption of high energy photons. These electrons will 
quickly return to the lowest vibrational energy level of the excited states 
by vibrational relaxation. Therefore, due to this rapid relaxation process, 
the emission spectrum is generally independent of the excitation 
wavelength. As a result, the emission spectrum is only a mirror image of 
the ground state to the lowest excited state transitions, but not the entire 
absorption spectrum, as shown in Figure 2-4. 
 
The quantum yield and lifetime in photoluminescence are very 
important characteristics. The quantum yield is defined as the ratio 
between the number of photons emitted and the number absorbed. The 
emission rate, Γ, and the non-radiative decay rate, κ, will both 
depopulate the excited state. The fraction that relax through emission, 
and hence the quantum yield is given by: 
 

 
Due to the existence of the non-radiative relaxation process, the 
quantum yield is less than one. 
 
The lifetime of the excited state is defined as the period of time, τ, over 
which the state population reduces from N to N/e (Euler's number). This 
indicates that few molecules will emit their photons at precisely t = τ. 
For a single exponential relaxation, 63% of the molecules relax before 
t = τ and 37% relax at t > τ. The lifetime is given by: 
 

 

2.2  Color centers 
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Figure 2-5 Schematic diagram of the ionic configuration of different types of 
color centers. Upper row from left to right: F center, F2 center, and F2+ center. 

Lower row from left to right: FA(II) center, FB(II) center, FA(II)+ center. 
 
The word color center is originally from German Farbzentrum, 
therefore, it is also called an F-center. A color center is a type of 
crystallographic defect, in which an anion vacancy in a crystal is filled 
by one or more electrons. Such centers occur naturally in many crystal 
and glass materials, as can be seen in the study of alkali-halide crystals. 
Color centers in alkali-halide crystals have been intensively investigated 
because the crystals can be used as the gain material for laser systems.10-

12 Figure 2-5 shows different color centers in a potassium chloride 
crystal. The basic color center, F-center, is shown on the upper left 
corner. Two F-centers next to each other will form an F2 center, and if 
such a color center is singly ionized, e.g., losing one electron, it 
becomes an F2

+ center, while if an F2 center captures another electron, it 
forms an F2

- center. Replacing a K+ ion with foreign metal atom (like a 
Li atom in Figure 2-5) will enhance the stability of the F2

+ center. On 
the lower row of Figure 2-5, three different types of colors are shown. 
An FA(II) center is formed when one of the nearest K+ ions is replaced 
by a Li+ ion. Similarly, if two of the nearest K+ ions are replaced by Li+ 
ions, such centers becomes a FB(II) center. If one of the K+ ions is 
replaced by a Li+ ion in an F2

+ center, it transforms to an (F2
+)A center. It 

should be noted that more of these F centers can aggregate to form F3, 
F4 centers…etc, and such centers can be further positively or negatively 



Photoluminescence 

28 

charged. One of most important applications of color centers is to 
develop color center based laser systems.11, 12  
 
The optical properties such as light absorption-emission of color centers 
strongly depend on the type and characteristic parameters of the 
crystalline lattice in which they are produced. For example, when Al2O3 
is irradiated with γ rays or electrons, there are color centers generated 
with different absorption bands. Two absorption lines at 680 nm and 
840 nm were reported with an absorption cross section of 5.7 x 10-18 and 
1.3 x 10-17 cm2, respectively.13 These two absorption lines result in a 
broad band emission spectrum with peaks at 830 nm (FWHM= 
1870 cm-1) and 990 nm (FWHM= 1340 cm-1).12 Emission from Mg-
doped Al2O3 was observed as well. The absorption at 440 nm leads to a 
wide spectrum from 500 to 590 nm with a peak at around 520 nm.11, 12 
Particles in EUV system have been exposed to various conditions such 
as EUV radiation, and EUV induced hydrogen and water plasma. Their 
photoluminescence properties will be discussed in the following. 

 

2.3 Photoluminescence from particles 
in EUVL 

 
The majority of contaminant particles on EUV reticles are stainless steel, 
aluminum, and organics (hydrocarbons). The different compounds have 
different potential sources of photoluminescence. Hydrocarbons are 
usually effective emitters under UV irradiation due to their complex 
electronic structures. Photoluminescence from metal particles is 
expected to be due to color centers in the oxidized outer shell, which are 
introduced during oxidation in the presence of the residual water in the 
EUV lithography system. The stainless steel particles in this study 
mainly contain Fe, Cr and Ni. Cr naturally forms a passivation layer of 
oxide, which prevents surface corrosion. Among the ionization states of 
Cr, Cr3+ has a well-known sharp emission line at 694 nm in a metal 
matrix composite.14 NiO has also been reported to have emission lines at 
312 nm and 400 nm under UV excitation.15 For Al particles, it is also 
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expected that the majority of the photoluminescence will originate from 
their oxide shell. Wide band emission in the visible range has been 
reported in various studies of Al2O3 thin films.16-20 However, these color 
centers in an oxide layer are not well understood, for example, the 
excitation spectrum and quantum yield is difficult to predict due to the 
complex structure and composition of those particles. These issues will 
be discussed in this thesis (Chapter 4). 
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Chapter 3 Graphene 
 

3.1 Introduction 

Graphene is a two-dimensional hexagonal packed sheet of carbon atoms. 
The unit cell of graphene contains two carbon atoms and the graphene 
lattice can be viewed as formed by two sub-lattices, as shown in 
Figure 3-1. Graphene is the basic building block for forming different 
forms of graphitic materials, such as stacking into graphite, rolling into 
carbon nanotubes or wrapping into fullerenes. Graphene has attracted a 
lot of attention from different research fields due to its unique physical 
and chemical properties, such as quantum electronic transport, a tunable 
band gap, extremely high mobility, high elasticity, and 
electromechanical modulation.1-8 Besides these remarkable properties, 
graphene has thermal and mechanical properties that make it a very 
promising material for a pellicle and other membrane-based applications. 
Graphene can act as a diffusion barrier by providing physical separation 
between an underlying substrate and reactant gases. Indeed, studies 
show that graphene is highly impermeable to gases.9 Furthermore, 
single-layer graphene is also highly transparent, which makes it a 
promising protection layer for optical devices, such as mirrors, lenses 
and screens.10 Additionally, graphene can be grown on large scales by 
chemical vapor deposition (CVD) and can be transferred to various 
kinds of substrate, making the range of potential applications very 
wide.11 
 
 
 
 
 



Graphene 

32 

 

 
Figure 3-1 Graphene sp2 network. The blue and red atoms indicate the two 

sub-lattices in the unit cell (black lines). Figure is based on reference.12 
 
 

3.2 Graphene synthesis 

Graphene can be synthesized by several techniques, including 
mechanical exfoliation, chemical vapor deposition, and epitaxial growth. 
In the following, we will summarize these three synthesis methods, and 
discuss their advantage and disadvantages. Other synthesis methods 
such as chemical exfoliation and unzipping nanotubes are discussed in 
the review article by Liu et al..13 
 
Graphene flakes were first prepared by mechanical exfoliation from 
graphite by Noveselov et al. in 2004.3 A fresh piece of Scotch tape is 
pressed firmly with the adhesive-side down to the shiny side of a piece 
of highly ordered pyrolytic graphite (HOPG). The tape is then gently 
peeled away with thick, shiny layers of graphite stuck to it. The part of 
the tape with layers from the HOPG is refolded upon a clean adhesive 
section of the same piece of tape; the two layers are then pressed firmly 
together for several seconds. Subsequently, the tape is gently unfolded 
so that two mirrored graphite areas on the tape remain. This process is 
repeated several times with the original area removed from the HOPG 
on the tape until a large portion is no longer shiny. When this stage has 
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been achieved, the tape is firmly pressed on a substrate, e.g., SiO2. 
Finally, a microscope is used to identify the graphene flakes by color 
contrast. Due to the high quality (in terms of structural integrity) of the 
graphene flakes, this well-known “Scotch tape” method is widely used 
to prepare graphene flakes in scientific research to study the 
fundamental properties of graphene. However, this method fails to 
produce graphene with a controlled flake size, thickness and azimuthal 
orientation. Furthermore, the scotch tape method only produces 
graphene flakes with a size of several microns. Applications that use 
graphene’s extraordinary electric transport properties require 
structurally coherent graphene on a large scale (wafer scale), or large 
arrays of graphene flakes positioned with a unique azimuthal orientation 
on a substrate.   
 

 
Figure 3-2 Schematic of graphene grown by CVD process. 

 
Large area graphene can be grown by chemical vapor deposition (CVD) 
from carbon containing gases on transition metal surfaces.14, 15 Graphene 
has already been reported to grow on a variety of transition metals, e.g., 
Ni, Cu, Pt, Ru, Ir, Co, Fe, and Pd.12 The formation of graphene on such 
metal surfaces is realized by surface catalytic decomposition of a carbon 
precursor and/or by surface segregation of carbon dissolved in the bulk 
of the metal. Either of these two processes can be the dominant process, 
or they can coexist, depending on the solubility of carbon in the 
transition metal. A typical setup for growing graphene by CVD is 
illustrated in Figure 3-2. The metal substrate is heated up to 
approximately 1000 oC in a hot furnace. Then it is exposed to a flow of 
gas: CH4+H2. Finally, the substrate is cooled down to room temperature 
in a H2 environment. For a Ni substrate, as shown in Figure 3-3, 
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methane decomposes at the surface, creating a carbon concentration 
gradient between the surface and the bulk. As a result, carbon atoms 
start to diffuse into Ni, forming a carbon solid solution in Ni. As the 
substrate cools, the dissolved carbon precipitates out and segregates to 
the surface, producing graphene layers. The quality and the thickness of 
graphene can be tuned by changing the reaction parameters, such as 
cooling rate, pre and post annealing processes, concentration of carbon 
precursor, reaction time, and reaction temperature. For example, pre 
annealing the Ni substrate in an H2 atmosphere removes sulfur and 
phosphorus impurities, which cause local variations in carbon solubility, 
thereby producing more uniformly thick graphene layers.16 Besides the 
formation process, the substrate morphology is also critical for the 
formation of graphene layers grown by CVD. An atomically smooth 
surface of a single crystal Ni is more likely to produce uniform and thin 
graphene layers, while on a polycrystalline Ni surface, thicker layers of 
graphene will form because of the extra nucleation sites provided by the 
grain boundaries.17 
 

 
Figure 3-3 Schematic of graphene CVD growth process (a) on a Ni surface 

and (b) on a Cu surface. Figure is based on reference.17 
 
The solubility of carbon in copper is about one thousand times less than 
that in Ni at 1000 oC.18, 19 Therefore, the growth of graphene on copper 
proceeds via direct decomposition of carbon precursors, as shown in 
Figure 3-3. The growth of a continuous graphene layer will cover the 
copper surface, which eventually stops the decomposition process, 
resulting in single layer graphene. There are multiple nucleation sites on 
the copper surface, and graphene generally starts to grow spontaneously 
at many of these sites. These graphene domains may have different 
lattice orientations, depending on the underlying Cu grains. As growth 
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continues, the separate graphene domains merge into a continuous 
polycrystalline graphene film. These orientation mismatches result in 
defects and are undesirable for practical applications. In industrial 
applications, such as graphene-based electronic, photonic, and 
mechanical devices, uniform wafer-scale single crystal graphene films 
are required. The difficulty for obtaining such films lies in the multiple 
nucleation sites, with each site producing a graphene domain with a 
different crystal orientation, resulting in mismatch or defects where 
domains meet during the growth process.  
 
Currently there are two strategies to grow large area single-crystal 
graphene over a solid substrate surface. The first approach involves 
growing a single grain to as large size as possible from a single 
nucleation site. Hao et al., reported that oxygen at the copper surface 
substantially decreases the nucleation site density by passivation of the 
copper surface.20 Control of the surface oxygen coverage enables 
growth of centimeter-sized single-crystal graphene domains from a 
single nucleation site. However, this approach still needs improvement 
with respect to throughput and reproducibility for synthesis of wafer-
scale single crystal graphene. The second method is to align all the 
different graphene domains so that as their size increases, they will 
merge into a single crystal graphene layer without grain boundary 
defects. Lee et al. demonstrated wafer scale single layer single domain 
graphene growth on a hydrogen-terminated germanium buffer layer.21 
The anisotropic twofold symmetry of the germanium (110) surface 
favors unidirectional alignment of the graphene nucleation sites, which 
merge to form a uniform single graphene crystal with a predefined 
orientation. With this method, single crystal graphene with a 2 inch 
wafer size has been achieved. 
  
One of the advantages of CVD grown graphene is that it can be 
transferred to different kinds of substrate. The transfer process is shown 
in Figure 3-4. A layer of PMMA or PDMS is first deposited on top of 
the graphene film. Then the metal substrate is etched away by wet 
chemical etching, e.g. etching Cu in an iron chloride solution. As a 
result, a floating graphene thin film together with the polymer layer is 
left in the chemical bath. These are then transferred to the target 
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substrate, and the polymer layer is removed by dissolving it in acetone 
solution followed by annealing. The transfer process can introduce 
unwanted wrinkles and cracks in the graphene film. 
 
Graphene layers can also be obtained by epitaxial growth on an 
insulating SiC surface. Graphene is formed via sublimation of silicon 
and graphitization of the remaining carbon atoms by annealing at high 
temperature (above 1000 oC).22 The top layers of the SiC crystals 
undergo thermal decomposition under such annealing conditions. 
Silicon atoms sublimate, and the carbon atoms remaining on the surface 
rearrange and bond to form epitaxial graphene layers. Several factors 
influence the formation of graphene on SiC surface, e.g., the annealing 
temperature, the annealing gas environment, and growth on the Si-face 
or C-face. One advantage of such a growth method is that the graphene 
can be used immediately after synthesis, because it is grown on a large 
bandgap semiconductor surface of a material that is already compatible 
with semiconductor industry processes. Challenges still remain for 
applications of graphene on a SiC substrate, such as controlling the 
number of graphene layers for large scale production, and controlling 
the growth pattern on different SiC faces.12 
 

 
Figure 3-4 Transferring graphene to a target substrate. Figure is based on 

reference.14 
 

3.3 Defects in graphene 
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The control of defects in graphene is one of the key requirements for 
industrial applications. The electronic properties of graphene are greatly 
affected by the presence of defects because they can act as scattering 
centers for electrons, reducing sheet conductivity.23 Defects associated 
with dangling bonds can enhance the chemical reactivity of graphene.24, 

25 Likewise, the presence of defects reduces the thermal conductivity of 
graphene.26 
 

 
Figure 3-5 Point defects in graphene. From top to down: Stone-Wales defect 
(The dash lines and two grey atoms indicate their original position before the 

defect formed), vacancy defect, adatom defect (the red circle stands for an 
adatom on top of graphene). Figure is based on reference.27 

 
In graphene, there exist point defects, which typically are vacancies or 
interstitial atoms, one dimensional defects, such as dislocation line 



Graphene 

38 

defects, and two dimensional defects, like grain boundaries or stacking 
faults. Figure 3-5 shows three types of point defects in graphene: Stone-
Wales defects, vacancy defects, and adatom defects. The Stone-Wales 
defect is a pure reconstruction of a graphene crystal lattice. Four 
hexagons are transformed into two pentagons and two heptagons by 
rotating one of the C-C bonds by 90o

 as shown in Figure 3-5 (top). 
Vacancy defects are defects with missing atoms in the lattice, as shown 
in Figure 3-5 (middle). A single C atom is missing, forming a five-
atom and a nine-atom carbon ring. Both Stone-Wales defects and 
vacancy defects can be introduced by electron irradiation.27 A minimum 
amount of energy must be transferred to a carbon atom to drive it from 
its lattice position without it immediately recombining and healing the 
defect. The threshold energy for displacing carbon atoms from the 
graphene lattice is about 18-20 eV, which requires a very high electron 
energy of 90-100 keV due to the large mass difference between a carbon 
atom and an electron.28 Stone-Wales defects require less energy than the 
vacancy defect because it only involves a carbon bond transformation 
and no carbon atom is knocked out of the lattice. Foreign atoms can be 
physisorbed on the graphene surface by van der Waals force, or 
chemisorbed by covalent bonding with carbon atoms. Sometimes, such 
foreign atoms are pinned by structural defects which normally serve as 
reactive sites due to locally increased reactivity of the π-electron 
system.29 
 

3.4 Graphene characterization: Raman 
spectroscopy 

Raman spectroscopy is one of the most popular techniques to 
characterize graphene. It provides a fast and non-destructive way to 
probe the structural and electronic information in graphene in both 
scientific research and industrial mass production. Raman spectroscopy 
has been widely used to study disorder, chemical modification, 
electrical mobility, thermal conductivity, and electron-phonon and 
electron-electron interaction in graphene.30 This is due to the fact that 
Raman scattering probes graphene lattice phonons, which are excited by 
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electronic transitions (see below). The position, width, and intensities of 
Raman peaks reveal information on defects, edges, doping, and strain in 
graphene. 
 
When light interacts with matter, it can be absorbed or scattered. As 
discussed in Chapter 2, the process of absorption requires that the 
incident photon energy corresponds to the energy gap between the 
ground state of the molecule and the excited state. In contrast, scattering 
can occur without matching the energy difference. There are two types 
of light scattering: Rayleigh scattering, an elastic scattering process 
where the energy of the photons is unchanged by scattering; Raman 
scattering, an inelastic scattering process where the scattering involves 
movement of nuclei, thus, the photon energy changes during scattering. 
These two processes are indicated in Figure 3-6. In a Raman scattering 
process, a molecule is excited to a so called virtual state by absorption 
of photons. The molecule then returns to a rotational or vibrational state 
different from the energetic state of the molecule before absorbing the 
incident photon. The resulting energy difference is termed a Stokes shift 
or anti-Stokes shift, depending on the original and final state of the 
molecule. At room temperature, most of the molecules are in the ground 
state.  
 

 
Figure 3-6 Light scattering processes: Rayleigh scattering, non-resonant 
(stokes and anti-stokes) Raman scattering, and resonant (stokes and anti-stokes) 
Raman scattering. 
 
The emitted photon has a lower energy than the incident photon after 
Raman scattering, resulting in a Stokes shift. Due to thermal activation, 
some molecules may be excited to a vibrational state before scattering, 
leading to the possibility of an emitted photon with a higher energy than 
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the incident photon. In this case, the energy difference is called anti-
Stokes shift. For vibrational modes with an energy that is too high to be 
thermally excited, the anti-Stokes shift still exists because the Stokes 
shift Raman process (which is dominant) excites a small population of 
molecules to all Raman-active vibrational states. This vibrationally 
excited population then becomes a population for anti-Stokes Raman 
scattering. Raman scattering is a relatively rare event, and typically the 
cross section is about 10-25 to 10-30 cm2, which is about 106 times smaller 
than the cross section for fluorescence processes discussed in Chapter 
2.31 If a Raman scattering process is associated with a real electronic 
transition (as shown Figure 3-6 on the right side), a scattering 
enhancement up to 106 can be observed. Both Stokes and anti-Stokes 
process exist for resonant Raman scattering. 
 
The Raman scattering can be further understood by examining the 
energy and momentum conservation in the process. In a Raman process, 
a photon with energy Ei = Elaser and momentum ki = klaser is incident on 
the molecule and is scattered. In this process, both energy and 
momentum are conserved. Therefore, the scattered photon has an energy 
Es and momentum ks. 
 

 
where Eq and q are the energy and momentum change during the 
scattering event (usually by phonons). In a one-phonon scattering 
process (also called first-order Raman scattering), the momentum 
transfer is usually neglected, i.e., q=ks-ki ≈ 0. The momenta associated 
with the one-phonon scattering process are on the order of ki= 2π/λlaser, 
where usually the λlaser is in visible range (390-700 nm). Thus, ki is a 
relatively small value compared with the dimensions of the first 
Brillouin zone, which is limited to 2π/a with a the unit cell vector (a= 
0.246 nm for graphene). This explains why a one-phonon Raman 
scattering event in graphene can only occur with phonons at q ≈ 0, that 
is phonons near the Γ point. For phonons with q ≠ 0, multiple 
scattering (also known as high order Raman scattering, e.g., Raman 
scattering involving two scattering events is called second-order Raman 
scattering) is required for the Raman process. For example, a 

 s i qE E E= ±         s ik k q= ±  3-1 
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photoexcited electron at k can be scattered to k+q by a phonon, and then 
can be scattered back to its original state k by a second phonon 
scattering with wave vector –q, which allows the electron to recombine 
with the corresponding hole. This two-phonon scattering can be 
observed in any solid but the probability is typically very small. 
However, as we shall see in the following text, under the resonant 
conditions in graphene, q≠0 phonons contribute significantly to the 
observed Raman spectrum.  
 
When light interacts with single layer graphene, electrons are excited 
from the valence band to the conduction band, as shown in Figure 3-8 
bottom left. Because single layer graphene has zero bandgap, all 
radiation frequencies match the energy difference between the valence 
and conduction band for a certain k. Hence, real electronic transitions 
occur during the Raman process in graphene. A typical Raman spectrum 
of graphene is shown in Figure 3-7. There are three prominent peaks in 
the spectrum: the D band at around 1350 cm-1, the G band at around 
1580 cm-1, and the 2D band at around 2700 cm-1. 
 

 
Figure 3-7 A Raman spectrum of defected single layer graphene. The weak 

peak at around 2450 cm-1 is under debate30. Another peak at around 2950 cm-1 
is the combination of inter-valley and intra-valley transition of D band. 
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The G band is due to the E2g vibrational mode at the Γ-point, and is a 
one-phonon scattering event, as shown in Figure 3-8 (left). The G band 
originates from the stretching of the sp2 C-C bond in graphitic materials 
and exists in all sp2 carbon systems. The D band corresponds to the 
breathing mode of six-atom rings (Figure 3-8 (right)) and requires a 
defect to activate the process. The presence of a defect breaks the 
translational symmetry of the crystal, and, thus, provides additional 
scattering to allow conservation of momentum. Phonons with q ≠ 0 are 
allowed in this process. The D band can be explained by a double 
resonance process (electron-photon and electron-phonon scattering) 
shown in Figure 3-8 (right). An electron with wavevector k around the 
K point moves to an excited state by absorbing a photon of energy Ep, 

creating an electron-hole pair. The electron is scattered by a defect with 
wavevector q to a point near the K’ point, with wavevector k+q. The 
electron is then scattered back to a k state, and emits a phonon (-q), 
where the electron recombines with a hole at a k state. The 2D band can 
be explained similarly to the D band by a double resonance process. In 
this case, momentum conservation is fulfilled by scattering with two 
phonons, with vectors +q and –q. Since it involves two phonons, it 
generates a Raman signal with a doubled frequency. Note that the weak 
peak at around 2450 cm-1 is under debate.30 Another peak at around 
2950 cm-1 is the combination of an inter-valley (D band) and an intra-
valley (D’ band, similar to the D band, but the electron transition occurs 
within the same Dirac cone) transition. 
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Figure 3-8 Top: E2g (left) and A2g (right) vibrational mode. Bottom: Raman 
scattering process of G band (left) and double resonant process of D band 

(right). 
 
The D peak intensity of a Raman spectrum provides a qualitative 
assessment of the number of defects in a graphene sample. However, 
quantitative assessment is more difficult. Early studies combined STM 
and Raman spectroscopy to correlate the defect density using the ratio 
of the D and G peak intensities I(D)/I(G). Lucchese et al. reported a 
correlation between the defect density and I(D)/I(G) by using Ar+ ion 
bombardment on graphene.32 They analyzed the STM image for a range 
of ion doses to count the number of defects, from which they extracted 
the average distance between defects LD. Quantifying the development 
of defects in graphene was achieved by plotting I(D)/I(G) as a function 
of the average distance between defects LD. They found that I(D)/I(G) 
increases with decreasing LD (from low defect density to high defect 
density). This trend reverses once LD falls below a critical 
value (~3.5 nm). This behavior suggests the existence of two 
mechanisms contributing to defect formation in graphene. A single Ar+ 
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ion impact on graphene will cause modification in two regions, as 
shown in Figure 3-9 (the light and dark green circles). The inner light 
green region (denoted as structural disordered area) indicates the defect 
region, where the Ar+ ion impacted, and, thus, where the crystal lattice 
is damaged. In the outer dark green region (denoted as activated area), 
the crystal structure is preserved. However, due to proximity to a 
defected region, phonons and electrons from this region can still scatter 
off the defect, thus, contributing to the intensity of the D peak. Both 
regions contribute to the D peak intensity. Therefore, the D peak 
evolves as follows: in the low defect density regime, the D peak 
intensity grows as the defect density increases (increase of the structural 
and activated area). As the defect density continues to increase, the 
activated areas start to overlap. The D peak intensity then reaches its 
maximum value. Further increase of the defect density results in a 
decrease of the D peak intensity due to the vanishing of six-atom ring 
breathing mode.  
 

 
Figure 3-9 Definition of activated area (outer dark green) and structural 

disordered area (inner light green). 
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Chapter 4                           
Photoluminescence-based 
detection of particle 
contamination on EUV reticles 
 
Here, we propose a comparison-free inspection technique to detect 
particle contamination on the reticle of extreme ultraviolet (EUV) 
lithography systems, based on the photoluminescence spectral 
characteristics of the contaminant particles and their elemental 
composition. We have analyzed the spectra from different particles 
found on reticles in EUV lithographic systems and have determined the 
minimum detectable particle size: 25 nm for organic particles and 
100 nm for Al particles. Stainless steel coatings (50 nm thick and 50 × 
50 μm2 in area) exhibit detectable photoluminescence, and the estimated 
minimum detectable particle is 2 µm. 
 
 

4.1 Introduction 

 
Optical lithography is one of the key technologies in semiconductor 
fabrication. Currently, the most advanced lithography systems use 
immersion techniques, based on 193 nm light. This technique is capable 
of printing features as small as 22 nm with a complex combination of 
techniques, such as double-patterning. Thus, the contribution of 
photolithography to the overall cost of integrated circuit fabrication is 
increasing.1 Extreme ultraviolet lithography (EUVL), operating at a 
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wavelength of 13.5 nm, is required to continue reducing feature sizes.2 
The dramatic decrease in wavelength will allow features smaller than 
22 nm to be printed, using simpler patterning techniques. 
 
EUV lithography systems require a clean environment, especially on the 
reticle, to ensure that the reticle pattern is printed with high fidelity. 
Although EUVL operates under vacuum conditions, contamination with 
small particles is unavoidable.3 For example, particles can come from 
tin droplets, mechanical parts, and the photoresist. Particles can cause 
fatal defects on the final printed wafer, leading to a reduced yield of 
working chip devices. In current immersion-based lithography systems, 
DUV (deep ultraviolet) pellicles are used to protect reticles from particle 
contamination. Although new pellicle materials are being investigated, 
currently there are no pellicles available for EUVL systems.4 Therefore, 
particles can be deposited onto the reticle, where they will be imaged on 
the wafer since they are in the object plane. Particles with a size 
comparable to the feature size on the wafer, e.g., 25 nm particles for the 
20 nm chip process node, will result in defects on the exposed wafers. 
Particle contamination can be introduced to the reticle, either during 
handling outside of the lithography system, or during exposure inside 
the system. The former has been largely mitigated by an advanced 
protection system, e.g., the dual-pod carriersystem.5 For the latter, 
reticle protection (pellicle), and/or, inspection, and cleaning are required.  
 
Currently, the primary requirement for in situ inspection at the 22 nm 
process node is to detect 25 nm particles on a full size reticle (132 × 
132 mm2) within 1h. The main difficulty with current inspection 
techniques, based on light scattering, is that the particle scatters light 
into a similar band of spatial frequencies as the features on the reticle, 
e.g., a particle would look like a contact hole when examining the 
scattering pattern. Hence, in an arbitrary reticle pattern, there is no way 
to detect the presence of a particle from the scattering pattern without 
comparison to a reference. Currently, inspection is done ex situ by 
imaging the surface at very high resolution (i.e., sub-100 nm pixels 
using 193 nm UV light) and comparing the image to a nominally 
identical location elsewhere on the wafer/reticle (die-to-die analysis) or 
to a calculated (or reference) image (die-to-database). However, it takes 



Chapter 4 

50 

a few hours to inspect a whole reticle using this method, thereby, 
increasing the overall cost of semiconductor fabrication. Other 
inspection techniques, including E-beam inspection and actinic 
inspection, are under development.6, 7 Although they have shown 
detection of 30 nm or even smaller particles on patterned reticles, those 
techniques suffered from throughput and cost. Besides, due to their 
large volume, it is not yet possible to integrate them as an inspection 
module inside an EUVL system; thus, there is an additional risk that 
particles contaminate the reticle during the loading-unloading process of 
the lithography system. 
 

 
Figure 4-1 (a) Principle of the photoluminescence process; (b) schematic view 

of the working principle for inspection based on the photoluminescence. 
 
Here, we propose a comparison-free and potentially in situ inspection 
method, using the intrinsic photoluminescence from contaminant 
particles to detect their presence on the reticle. The photoluminescent 
signal from the particle has a different wavelength from the excitation 
wavelength (laser), and the reticle will have little or no 
photoluminescence signal. Thus, the scattered light from the reticle can 
be filtered out, leaving only the photoluminescence signal from particles 
captured by the detector, as illustrated in Figure 4-1. Since only the 
light signal from particles is captured, no comparison is needed, which 
is an advantage over the techniques based on light scattering. This 
method also allows a fast scan with low resolution, followed by a high 
resolution scan, if required. The scan time of a whole reticle is 
determined by the resolution and the photoluminescence signal intensity 
from the contaminant particles. An additional advantage of this 
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inspection method is that it is possible to identify the type of 
contaminant particles from their photoluminescence spectrum, thus 
allowing an appropriate cleaning mechanism to be chosen. In this paper, 
our primary experiments focus on determining the photoluminescent 
yield of typical particles found on reticles.  
 

4.2 Theory  

The majority of contaminant particles on EUV reticles are stainless steel, 
aluminum, and organics (hydrocarbons), however, the contribution from 
each category varies substantially between reticles. And, although they 
are defined as stainless steel or aluminum particles, particles often 
contain a small fraction of other elements, e.g., Al particles may contain 
Mg and/or O. The different compounds have different potential sources 
of photoluminescence. Hydrocarbons are usually effective emitters 
under UV irradiation due to their complex electronic structures. Here, 
we do not distinguish between different organic molecules, and simply 
refer to them as organic particles. Photoluminescence from metal 
particles is expected to be due to an oxidized outer shell, which occurs 
due to the presence of water in the residual gases of the EUV 
lithography system. The stainless steel particles in this study mainly 
contain Fe, Cr and Ni. Cr naturally forms a passivation layer of oxide, 
which prevents surface erosion. Among the ionization states of Cr, Cr3+ 
has well known sharp emission line at 694 nm in a metal matrix 
composite.8 NiO has also been reported to have emission lines at 
312 nm and 400 nm under UV excitation.9 For Al particles, it is also 
expected that the majority of the photoluminescence will originate from 
their oxide shell. Wide band emission in visible range has been reported 
in various studies of Al2O3 thin films.10-14 Color centers in the oxide 
layer are the main source of photoluminescence.  
 
It is noted that small differences in composition of particles can lead to 
different photoluminescence yield. For example, some Al particles were 
found to contain a small amount of Mg. In addition, the 
photoluminescence spectrum from metallic particles depends on the 
oxidation process and, often, the presence of defects. As a result, 
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differences between seemingly identical particles can lead to a different 
photoluminescence spectrum. 
 
The quantum yield is one of the most important parameters of an 
emission center. The quantum yield is defined as the emitted photons 
relative to the number of absorbed photons. In this study, in order to 
include the excitation efficiency, we define the yield, Q, as the emitted 
photons relative to the number of incident photons. The number of 
photons that result in detector counts can be estimated:  

 

where Cdet is the count rate (count/s) at detector, Φinc is the incident 
photon flux (photon/s/m2), πR2 is the particle area (with effective radius 
R), α is the photon absorption rate by the particle, ηemi is the emission 
efficiency of the particle, ηcol is the collection efficiency, T is the 
transmission of system, ηdet quantum efficiency of 
detector (count/photon). Note that Eq. 4-1 contains the assumption that 
the incident photons are absorbed within a certain depth, e.g. the 
thickness of oxide shell. Q can be, thus, derived by: 
 

where Φin is the number of photons incident on the particle, which can 
be derived by multiply the incident photon flux (𝜱𝒊𝒊𝒊) by the effective 
area of the particle (𝝅𝑹𝟐). The Φemi is the number of photons emitted by 
the particle, which can be obtained by the count rate at detector (𝑪𝒅𝒅𝒅) 
divided by the system transmission (𝑻), collection efficiency (𝜼𝒊𝒄𝒄), and 
detector quantum efficiency (𝜼𝒅𝒅𝒅). 
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Figure 4-2 Schematic view of the setup. 

 
The number of photons or Q required for the particle to be detected 
depends on the photoluminescence intensity of the reticle (absorber, Ru 
capping layer, and Si/Mo multilayer). In this study, this is 
experimentally determined. The signal to noise ratio, i.e., photons 
emitted by the particles to the photons emitted by the reticle, is required 
to be larger than one to allow the particle to be detected. Here, we take a 
signal to noise ratio of 10 to eliminate almost all false positives during 
the inspection. A detailed calculation will be presented in Sec. 4.5. 

4.3 Experimental setup 

A schematic drawing of the experimental setup used for investigation of 
photoluminescence-based detection of particles is shown in Figure 4-2. 
There are three main building blocks: the laser systems (listed in 
Table 4-1), sample stage, and collection system. By using three lasers, a 
wide spectral excitation range, from the ultraviolet to the near IR is 
covered, which allows the optimal excitation wavelength to be found. 
The laser beam is focused using a custom made tunable beam shaping 
system. The beam shaping system focuses the laser beam into a 
rectangle with length of 4 mm, and a width ranging from 100 µm to 
1000 µm.  
 
In the sample stage block, there is a sample holder that can handle 
standard 300 mm wafers, as well as smaller samples. The sample holder 
is placed on an x-y-z translation stage (AeroTech ES15800-1, AVSI125) 
with an absolute positional accuracy of 1 µm. To ensure that the 
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sensitivity of the photoluminescence-based detection is accurately 
characterized, the stage positioning is correlated with a particle map, 
obtained from a phase contrast image (KLA Surfscan SP2). In this way, 
it is also possible to precisely locate target particles. 
 

Table 4-1 Laser specifications 
Type Wavelength (Range) Max. Avg. Power 
Continuous wave 532 nm* 5 W 
Continuous wave 266 nm* 200 mW 
ns pulsed 355 nm 10 W 
fs pulsed 680-1080 nm# 4 W 
fs pulsed 340-540 nm# 1 W 
fs pulsed 230-360 nm# 400 mW 
* 266 nm is the second harmonic of 532 nm. 
# 230-360 nm and 340-540 nm are the third and second harmonic of 680-
1080 nm. 
 
The collection block contains an objective with an NA = 0.13, a CCD 
camera (AVT Stingray F-080B) to obtain dark field images, and a 
spectrograph with two 300 lines/mm gratings, blazed for 350 and 
500 nm, respectively (SOLAR Laser Systems, M266i), coupled to a 
high sensitivity EMCCD camera (Andor Technology, DU971P UVB, 
pixel size=10 µm) to capture photoemission from the particle. The 
excitation wavelength was filtered out using two sets of filters 
(Semrock), which are detailed in Table 4-2. The collection efficiency 
was calibrated using an HG-1 Mercury Argon Calibration Light Source 
and a Deuterium-Halogen Light Source (AvaLight-D(H)-S). Figure 4-3 
shows the collection efficiency curve from 200 to 1000 nm, including 
the collection optics with NA=0.13, the loss through the lenses, mirrors, 
the transmission of the gratings in monochromator, and the quantum 
efficiency of EMCCD detector. The most effective collection range lies 
between 400 and 750 nm with the highest collection efficiency located 
at approximately 520 nm. 
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Figure 4-3 System transmission. 

 
 

Table 4-2 Longpass filter specification 
Filter 
type 

Cutoff 
wavelength 
(nm) 

Transmission Filter 
type 

Cutoff 
wavelength 
(nm) 

Transmission 

LP02-
266RU-
25 

266 >90% FF02-
409/LP-
25 

409 >93% 

LP03-
325RE-
25 

325 >93% LP02-
442RE-
25 

442 >93% 

LP02-
355RE-
25 

355 >93% LP02-
488RE-
25 

488 >93% 

LP02-
364RU-
25 

364 >93% LP03-
532RE-
25 

532 >93% 

 
 

4.4 Experiment procedure 

Particles were collected from the reticle in a real EUV lithography 
exposure process, and then were transferred to a 300 mm wafer. The 
wafer was then scanned to identify the size and location of the particles 
by KLA Surfscan SP2.  Certain particles were then analyzed using 
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SEM-EDX to obtain their chemical composition. A map with the 
information of particle size, location and chemical composition was 
generated. The wafer containing the particles was then loaded into the 
photoluminescence setup. Dark Field imaging was used to find chosen 
particles, using location data from the particle map. Finally 
photoluminescence spectral measurements were obtained from the 
particle on the wafer. 
 

4.5 Results and Discussion 

In Figure 4-4, an Al particle is shown. It mainly contains O and Al with 
a very small amount of Mg. A weak photoluminescence 
spectrum (Figure 4-4b) was obtained by using 266 nm excitation with 
an intensity of 76 W/cm2. The bright horizontal streak in the center of 
the hyperspectral image in Figure 4-4b is the photoluminescence signal 
from the Al particle during excitation. The strong emission lines from 
550 nm that have no positional dependence are due to Raman 
scattering (from the second order of the diffraction grating) from the Si 
substrate, and the strong photoluminescence emission beyond 575 nm is 
also from Si substrate. We can see that the spectrum has a relatively low 
intensity, and very broad spectral bandwidth (FWHM=150 nm) with a 
peak at around 450 nm. To obtain optimum excitation, the 
photoluminescence excitation spectrum for Al particles was studied. In 
Figure 4-5, we show a typical photoluminescence excitation spectrum, 
which has a peak at 420 nm. All other photoluminescence spectra for Al 
were taken using a laser excitation wavelength of 420 nm. All particle 
sizes in the following text refer to their diameter. 
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Figure 4-4 detection of an Al particle. (a) SEM image the Al particle. (b) 

hyper-spectral image of the photoluminescence signal from the Al particle. (c) 
The spectrum of the Al particle. 
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Figure 4-5 The yield, Q, of an Al particle as a function of excitation 

wavelength. 
 

 
Figure 4-6 Photoluminescence spectra for two types of "Al" particles with 420 

nm excitation wavelength and excitation intensity of 44 W/cm2. 
 

As mentioned above, the Al particles may have different additives, 
which lead to different photoluminescence characteristics.  In 
Figure 4-6, we show two “Al” particles, particle 1 (diameter: 1.6 µm) 
contains Al, Mg, O, and C, while particle 2 (diameter: 490 nm) contains 
Al, O, and C (The majority element of these particles is Al, with the 
additives being only a very small fraction). However, these two particles 
show distinctive photoluminescence spectra: one spectrum peaks at 
around 500 nm, while the other peaks at 630 nm. This is expected 
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because different dopants result in different color centers with different 
emission spectra. The difference will result in variations in Q, which 
will be discussed in the next section of this paper. 
 
An organic particle is shown in the SEM image in Figure 4-7. It only 
contains C and O elements. Figure 4-7b is the hyperspectral image 
taken at an excitation wavelength of 420 nm with an intensity of 
44 W/cm2. The bright horizontal streak in the center of the hyperspectral 
image is the photoluminescence signal from the organic particle during 
excitation. The two strong emission lines that have no positional 
dependence are due to Raman scattering from the Si substrate. The 
broad photoluminescence spectrum, shown in Figure 4-7c, has a peak 
around 550 nm. All detected organic particles have similar spectra. 
 
The photoluminescence signal from the same organic particle was also 
examined under 266 nm (11 W/cm2) excitation. However, no signal 
was detected in this case. Furthermore, subsequent photoluminescent 
measurements at 420 nm (44 W/cm2) revealed that the particle was no 
longer photoluminescent, indicating that the shorter wavelength 
excitation resulted in bleaching (see Figure 4-8). To confirm this, a 
similar organic particle was exposed in a sequence of excitation 
wavelengths: 420 nm, 420 nm, 266 nm, finally and 420 nm. We found 
that there was a clear photoluminescence spectrum from the first and 
second exposure (420 nm excitation), but no signal in the following 
measurements with 266 and 420 nm excitation. The dark field images 
showed that the particles were not removed after exposure. These results 
indicate that organic particles are likely to be bleached by UV 
excitation.15 No bleaching was observed for Al particles subjected to 
similar exposures. 
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Figure 4-7 Detection of an organic particle. (a) SEM image the organic 

particle. (b) hyper-spectral image of the organic photoluminescence signal. (c) 
The spectrum of the organic particle. 

 



Particle Inspection 

61 

 

 
Figure 4-8 Organic particle bleaching due to exposure to 266 nm excitation. (a) 
and (b) organic particle was exposed in a sequence to 420 nm, 266 nm and 420 
nm excitation; (c) and (d) similar organic particle was exposed in a sequence 

to 420 nm, 420 nm, 266 nm and 420 nm. 
 

Different sizes (from 100 nm to ~ µm) of stainless steel particles were 
also investigated. No photoluminescence signal was observed. However, 
photoluminescence was observed on both a 50 nm thin stainless steel 
layer and 50 µm by 50 µm square pillar (Lab-grade, 50 nm thick). In 
Figure 4-9, we show the photoluminescence signal of such stainless 
steel sample. Under excitation of 355 nm, the stainless steel exhibits a 
strong photoluminescence signal (similar spectra were observed for 
420 nm and 266 nm excitation). Meanwhile, an array of 500 nm x 
500 nm pillars (225 pillars, 50 nm high, fabricated at the same time and 
on the same sample substrate) showed no photoluminescence signal, 
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which indicates that the photoluminescence from a small stainless steel 
particle is probably too weak to be detected by our setup. By comparing 
the surface areas of the pillar array and the pillar, the photoluminescence 
emission intensity from the 500 nm pillars was estimated to be 1 photon 
per second. If we extend the estimation to 25 nm particles, we expect 1 
photon per 25 hours.  
 

 
Figure 4-9 Photoluminescence signal of stainless steel layer (area: 50 µm x 
50 µm and thickness: 50 nm) with excitation at 355 nm, power density: 142 

W/cm2. (a) hyperspectral image; (b) spectrum of the stainless steel. 
 
The Q for all the inspected particles is summarized in the Figure 4-10. 
The Q for different sizes of particles is calculated according to Eq. 4-2, 
based on the conditions that the incident laser intensity is 
200 W/cm2 (estimated damage threshold of the reticle) at 420 nm, the 
photon counts for the system noise (including the photoluminescence 
signal from the reticle itself) is 20 photons/s. Considering the signal to 
noise ratio of 10, we can eliminate almost all the false positives during 
the inspection. Therefore, the signal from the particle reaching the 
detector needs to be 200 photons/s. The collection efficiency, and the 
average system transmission is taken as 0.004243 (based on NA=0.13), 
and 30%, based on the measurements used to produce Figure 4-3. 
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Figure 4-10 Yield Q distribution for the inspected particles. All the particles 

were inspected using 420 nm excitation except that part of the detected Al 
particles were inspected with 266 nm excitation. 

 
Figure 4-10 clearly shows that the Q for the organic particles, at least 
over the limited size range available, scales roughly with the inverse 
square of particle size, while for the Al particles Q is very scattered. 
Note that all the organic particles that were targeted were also detected, 
while only about one third of the Al particles were detected. Based on 
the experimental data of the quantum yield-particle size relationship, we 
can estimate that it is possible to detect 25 nm organic 
particles (estimation is performed by putting the average measured Q 
value into the “minimum Q value required for detection” curve/formula 
and calculating the size). For the Al particles that emitted detectable 
photoluminescence, Q varied over 2 orders of magnitude. One possible 
explanation for the undetected Al particles is that the compositions for 
detected and undetected particle are slightly different, although they are 
all defined as Al particles. Different additives, such as C, Mg, Fe, 
appear in the Al particles, i.e. corresponding to different Al alloys. This 
might lead to different types of color centers and, therefore, different 
yields.  
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The probability of detecting Al particles of 25 nm or smaller can be 
estimated by considering the color center density of the observed Al 
particles. The minimum number of color centers required to ensure that 
a particle is detected can be estimated from Figure 4-10 and literature 
values for color center properties. Although emission cross sections for 
color centers varies over a wide range, aluminum and Mg-doped 
aluminum oxide color centers are rather well studied. For these 
aluminum oxides, the emission cross section is known to be in the range 
10-17-10-18 cm2 .16 The average excitation photon flux is 
Np ≈ 4.24 x 1020 cm-2/s. Therefore, assuming that all absorbed excitation 
photons result in emitted photons,16, 17 the photon flux per color center 
ranges from 400 to 4000 photons per second. Using the instrument 
transfer function above, we estimate that a single color center generates 
0.5 to 5 detected photons per second. Therefore, the detected particles 
must have at least 40 color centers, given the current experimental 
setup (requires 200 photons/s). Examining the particle sizes and their Q, 
we note that the edge at which a particle may or may not exhibit 
photoluminescence is at a size of ~800 nm, and no particles smaller than 
350 nm were detected. Assuming an oxide layer thickness of ~5 nm, the 
observed color center density can be estimated between 4 x 1015 /cm3 
and 2 x 1016 /cm3, assuming a total of 40 color centers in the particle. A 
particle with size of 25 nm will have 0.12 to 0.024 color centers, 
therefore, statistically less than one out of 10 Al particles will contain 
one color center. If we only require a signal to noise ratio slightly larger 
than 1, slightly more than 2 color centers per particle are required, 
which corresponds to a particle size of 60 nm. Fundamentally, if the 
setup is improved so that it can detect a single color center, i.e., remove 
most of the background noise signal, the minimum particle size that is 
detectable is ~40 nm, based on our color center density estimation. 
However, the particle’s metal core can strongly quench optical emission 
for polarizations that are parallel to the metal surface. It is, therefore, 
only possible for approximately half the color centers to emit efficiently 
in the direction of the collection optics (i.e., the minimum detectable 
size is ~80 nm). Returning to Figure 4-10, smaller particles are 
undetectable because they have too few color centers. For larger 
particles, however, compositional differences lead to a wide range of 
color center densities, which enable some particles to be detected, while 
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others remain undetectable. Using only the average value for Q and the 
minimum Q required for detection, it is estimated that the minimum 
detectable particle size for Al particles is found to be about 100 nm, 
which compares very well to the value derived from color center density 
estimates. 
 
An in depth analysis of Q for stainless steel is not presented here. 
However, based on the data in Figure 4-9, a Q of 1.6 x 10-9 is obtained, 
which will lead to a minimum detectable size of 2 µm. This value, 
however, is an over estimate, since the array of pillars has a combined 
size of 7.5 µm. 
 
The method presented here has the potential to be integrated into an 
EUVL system for in situ inspection. In order to reduce the total 
inspection time for a full EUV reticle, a 2D image of the 
photoluminescent particle was made—that is the integrated 
photoluminescence is recorded, instead of a hyperspectral image (a 
hyperspectral image can still be taken to determine the type of the 
particle by switching the detector). As an example of a heavily polluted 
reticle, Figure 4-11 shows the dark-field image (image of the scattering 
of the incident light) of the reticle and contaminant particles, and the 
photoluminescence image of the reticle and particles. Figure 4-11b 
shows that light scattering from the reticle is entirely removed by a long 
pass filter, leaving only the photoluminescence spectrum from the 
particles. Comparing the images in the unpatterned area (red circles), it 
shows that photoluminescent imaging does not detect all particles. 
Importantly, however, some particles within the patterned area are 
clearly visible (yellow circle). As can be seen from Figure 4-11b, there 
is little-to-no photoluminescence signal from the reticle pattern, 
showing that the basic principle holds (see Figure 4-12). 
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Figure 4-11 Demonstration of the inspection concept with a real EUV reticle. 
Left picture: dark-field image of the reticle; right: fluorescence image of the 

reticle. 

4.6 Conclusion 

An inspection setup for EUV reticles, based on element specific 
photoluminescence of contaminant particles, has been designed, built, 
and characterized. Critical contaminant particles from the reticle of an 
EUVL system, like organic (hydrocarbon), Al, and stainless steel 
particles have been inspected. Organic particles with a size of 100 nm, 
i.e. the smallest available in this study, have been detected, while it is 
estimated that particles down to 25 nm are detectable. The smallest of 
the Al particles detected was 350 nm, while it is estimated that 100 nm 
particles can still be detected. Note that not all the Al particles larger 
than 350 nm can be detected. Stainless steel particles (100 nm to ~ µm) 
were not detected, but stainless steel coatings did exhibit detectable 
photoluminescence. And based on experimental data, we estimate that 
particles larger than 2 µm can be detected. To ensure the reliable 
functioning of such a particle inspection tool, the fundamentals of 
photoluminescence from contaminant metal nanoparticles should be 
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studied in more detail. For example, the particles on the EUV reticle 
will experience a short extreme UV exposure, in which the ionizing 
radiation is likely to induce color centers, increasing the possibility of 
the smaller particles to be detected.16 Finally, we note that, although the 
inspection method proposed here is for inspecting EUV reticles, it can 
be applied for detecting particle contamination on nano-imprint 
structures or templates. 

 

 
Figure 4-12 The photoluminescence spectra comparison of a particle and 

reticle. 
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Chapter 5                                    
EUV induced defects in few-layer 
graphene 
 
 
We use Raman spectroscopy to show that exposing few-layer graphene 
to extreme ultraviolet (EUV, 13.5 nm) radiation, i.e. relatively low 
photon energy, results in an increasing density of defects. Furthermore, 
exposure to EUV radiation in a H2 background increases the graphene 
dosage sensitivity, due to reactions caused by the EUV induced 
hydrogen plasma. X-ray photoelectron spectroscopy (XPS) results show 
that the sp2 bonded carbon fraction decreases while the sp3 bonded 
carbon and oxide fraction increases with exposure dose. Our 
experimental results confirm that even in reducing environment 
oxidation is still one of the main sources of inducing defects. 
 

5.1 Introduction  

Graphene is a single planar sheet of sp2 bonded carbon atoms which are 
closely packed in a honeycomb-like crystal structure. It is the basis of 
many carbon-based materials, e.g., stacked into graphite, rolled into 
carbon nanotubes or wrapped into buckyballs.1-3 Graphene has unique 
physical properties, such as ballistic electronic transport, a tunable band 
gap, extremely high mobility, high elasticity, and electromechanical 
modulation.3-8 This makes graphene a promising material for many 
applications, including graphene transistors, electronic circuits, and 
solar cells, as well as other applications in biology and chemistry.3-8 
However, one of the key requirements for such applications is the 
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control of defects, such as vacancies, dislocations or adatoms. The 
electronic properties of graphene are greatly affected by the presence of 
defects because they can act as scattering centers for electrons, reducing 
sheet conductivity.9 Defects associated with dangling bonds can 
enhance the chemical reactivity of graphene.10, 11 Likewise, the presence 
of defects reduces the thermal conductivity of graphene.12 
 
The unique properties make graphene an attractive candidate for 
applications in radiation-rich environment. However the presence of 
defect may affect its performance. Therefore, it is critical to understand 
the radiation-induced damage in graphene. Zhou et al13, reported that 
soft x-rays can easily break the sp2 bond structure and form defects in 
graphene that is weakly bound to the substrate. Hicks et al14 also studied 
multilayer graphene, grown on SiC, before and after 10 keV x-ray 
irradiation in air. They concluded that defects were generated due to 
surface etching by reactive oxygen species created by x-rays. In this 
paper, we focus on defect generation in graphene, induced by exposure 
to 13.5 nm (EUV) radiation under a variety of background conditions. 
We compare the rate at which defects are induced by EUV in a vacuum 
condition, and the rate at which defects are induced by exposure to EUV 
in a background of molecular hydrogen. We show that, defects are 
introduced in both cases, though at different rates. Surprisingly, our data 
also show that, even in a reducing environment, oxidation is still one of 
the main sources of EUV induced defects. The experimental results are 
important for illustrating the damage-creating mechanisms upon photon 
interaction as well as designing graphene-based components for EUV 
lithography systems. 
 

5.2 Experimental  

Graphene samples in this report were produced by the Graphene 
Supermarket. A few layers of graphene were grown on 25 x 25 mm2 
Ni/Si substrate with chemical vapor deposition method. The number of 
layers of graphene varies from 1 to 7, with an average of 4 over the 
sample. Three groups of experiments were performed: (1) a pristine 
sample served as a reference (refer to Sref) and was not exposed; (2) a 
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sample was exposed to EUV irradiation (SEUV) without molecular 
hydrogen in the background gas; (3) a sample was exposed to EUV 
irradiation in a 5 x 10-2 mbar H2 background (SEUV+H2). The other 
experimental settings are summarized in Table 5-1. Graphene samples 
were irradiated by an EUV source (Philips EUV Alpha Source 2) with a 
repetition rate of 1 kHz and an average dose of 0.1 mJ/cm2 per pulse. 
Raman spectra were collected with a home-built system. In this system, 
a 532 nm diode-pumped solid state laser is used to excite the samples 
with an illumination spot of 3.5 x 0.1 mm2 and a power density of 
200 W/cm2. The collection efficiency of the detector system was 
calibrated using the HG-1 Mercury Argon Calibration Light Source and 
AvaLight-D(H)-S Deuterium-Halogen Light Source. 2D Raman 
intensity maps were acquired by collecting Raman signal over the 
central 2 x 0.1 mm2 area. The transverse distance between two data 
points was set to 500 µm, and along the longitudinal direction, the data 
points were collected continuously. X-ray photoelectron 
spectroscopy (XPS) was measured by monochromatic Al-Kalpha, 
Thermo Fisher Theta probe with a footprint of 1mm diameter. 
 

Table 5-1 Experimental settings summary. Two parameters vary among 
different experiments: Exposure time to EUV radiation and/or H2, hydrogen 

pressure. 

 
 

5.3 Results and discussion  

5.3.1 Raman analysis 
A typical Raman spectrum of graphene has three prominent features, i.e., 
D, G, and 2D peaks, located at 1350 cm-1, 1580 cm-1, and 2700 cm-1, 
respectively. The G peak is a first order Raman scattering process, 

Sample Sref SEUV SEUV+H2 

Exposure time [hr] NA 8 8 
H2 pressure [mbar] NA 0 5 x 10-2 

Chamber 
pressure[mbar] 

NA 1 x 10-8 1x 10-8 
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corresponding to an in plane stretching of sp2 bonds. The D band is due 
to the breathing modes of six-atom rings, and requires a defect for 
activation. The 2D peak is the second order of the D peak. Since the 2D 
originates from a process where momentum conservation is satisfied by 
two phonons with opposite wavevectors, defects are not required for 
their activation, and the 2D peak is, thus, always present.15, 16 Figure 5-1 
shows the Raman spectra of the three samples. There is a small D peak 
in the spectrum of pristine sample, which is caused by natural defects 
such as edges, grain boundaries, or vacancies in graphene produced by 
CVD.17, 18 The spectrum for the sample that was exposed to EUV 
irradiation shows slightly higher D peak intensities compared to the 
pristine sample. The energetic photons from EUV irradiation might be 
expected to break sp2 carbon bonds, leading to defects in graphene as 
well. The spectrum for the sample exposed to EUV in a hydrogen 
background has the highest D peak intensity. Besides the direct impact 
from EUV photons, hydrogen is photo-ionized by the EUV radiation, 
resulting in atomic and molecular hydrogen ions, atomic hydrogen, and 
electrons.19, 20 Energetic electrons are known to break carbon bonds 
forming defects in graphene.21, 22 Furthermore, graphene hydrogenation 
occurs due to presence of a hydrogen plasma.23 These combined effects 
lead to a higher defect density on the sample exposed to EUV in a 
hydrogen background. There is also a G peak shift from 1583 cm-1 for 
pristine sample to 1598 cm-1 for both SEUV and SEUV+H2, indicating the 
formation of sp2 clusters or chains.24, 25 Furthermore, there is another 
possible source for defects generation: secondary electrons from the Ni 
substrate, produced during EUV radiation. These electrons can be 
expected to have an energy less than 50 eV with a peak distribution 
between 2 and 5 eV.26 These low energy electrons are not expected to 
create vacancy type defects. However, low energy electrons (7 eV) have 
been reported to dissociate adsorbed water and initiate oxide formation 
on metal surfaces.27 This will be discussed in Chapter 7. 
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Figure 5-1 Comparison of the Raman spectra and the spectrum for the sample 
exposed to EUV in a hydrogen background has the highest D peak intensity. 

The spectra for the samples exposed to EUV irradiation show slightly lower D 
peak intensity. The pristine sample has the lowest D peak intensity. Note that 

the spectra are separated by an offset of 1 x 106 counts/s. 
 
Besides the single spectrum comparison, 2D scans for the two samples 
SEUV and SEUV+H2 were made to map the ratio of the D and G integrated 
intensities (shown in Figure 5-2). In Figure 5-2, the two samples SEUV 
and SEUV+H2 were partially covered with a metal mask. The spatial 
intensity distribution of EUV light is indicated in Figure 5-2(a) and (d). 
Figure 5-2(c) shows that SEUV+H2 has a higher D/G value, within 
exposed area, than that for SEUV. It is also noted that for D/G ratio maps 
of the samples SEUV and SEUV+H2, there is a clear distinction between the 
exposed and unexposed areas. The D/G ratio map in Figure 5-2(a) 
clearly coincides with the EUV intensity profile shown in Figure 5-2(b). 
The D/G ratio is also plotted as a function of EUV dose for both SEUV 
and SEUV+H2 samples in Figure 5-3(a) and (b). The D/G ratio first grows 
as the EUV intensity increases, then saturates. It appears that for SEUV 
the D/G ratio does not saturate as the EUV dose increases. Note that the 
I(D)/I(G) of SEUV value is lower than the ratio of SEUV+H2, indicating that 
it may saturate at higher values. 
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Figure 5-2 I(D)/I(G) ratio mapping. (b) and (c) are I(D)/I(G) ratio maps for 

SEUV and SEUV+H2. (a) and (d) are the EUV intensity profiles for SEUV and 
SEUV+H2, respectively. The white circle indicates the mask boundary. 
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Figure 5-3 I(D)/I(G) ratio versus EUV. (a) The sample was exposed to EUV 
irradiation without molecular hydrogen in the background gas; (b) the sample 

was exposed to EUV irradiation in a 5 x 10-2 mbar H2 background. Both 
exposure time was 10hrs. 

 

5.3.2 XPS analysis  
 
Quantitative information on the relative concentrations of different C 
bond types in the sample was obtained by analyzing the C1s peak of the 
XPS spectrum.28, 29 The curve fitting results for the C1s spectrum of 
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SEUV+H2 are shown in Figure 5-4(a). There are four components in the 
C1s spectrum: the first peak at binding energy 283.4 eV, which is 
attributed to carbide formation with the underlying Ni layer, the second 
peak, at binding energy 284.4 eV, corresponds to the sp2 bonds in 
graphitic like carbon, the third peak, at binding energy 285.3 eV, 
corresponds to carbon bonds with sp3 hybridization, and the fourth peak, 
at binding energy 286.8 eV, is assigned to hydroxyl group. The 
appearance of sp3 carbon and C-OH both indicate the generation of 
defects in graphene. Oxidation occurs when graphene reacts with the 
residual water during exposure. At the same time, oxidation will 
generate at least one sp3 bond as well. The sp3 bonds can also be 
introduced by hydrogen plasma generated under EUV irradiation. 
 

 
Figure 5-4 (a) XPS analysis: curve fitting results for SEUV; (b) Element 

concentration versus EUV power for SEUV+H2 and SEUV; (c) and (d) Bond 
concentration change with respect to the pristine sample versus EUV power for 

SEUV and SEUV+H2. 
 
In Figure 5-4(b), for both the SEUV+H2 and SEUV sample, we can see that 
C element (the sp2 bonded carbon) concentration drops by 5%–9% and 
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O element concentration increases by 5%–8% compared with that in 
pristine sample. The concentration change of different bonds versus 
EUV power with respect to the pristine sample are plotted in Figs. 4(c) 
and 4(d). In the case of SEUV, the sp2 concentration decreases less in the 
higher power range than in the lower power ranges. It appears that under 
EUV irradiation, besides breaking sp2 bonds and forming sp3 and C-OH 
bonds, there is also a transformation from C-OH phase to sp2 phase, 
since the C-OH concentration change drops to almost zero. This 
transformation can be induced by local heating due to EUV irradiation.30 
However, this transformation does not indicate that the converted sp2 
bonds are forming an ordered ring structure like in the undistorted 
graphene network, since, in the Raman spectrum, 
I(D)/I(G) (Figure 5-4(a)) increases in higher EUV power range. In 
contrast, for SEUV+H2, the transformation to sp2 is neglectable. Because 
hydrogenation can be the dominant effect, the converted sp2 bonds will 
be hydrogenated in the end. Besides forming C-OH (oxidation), forming 
C-H bond (hydrogenation) will generate C-C (sp3) bonds as well. The 
sp3 concentration increases slowly at low intensities (lower than 
0.5 W/cm2) and saturates at higher powers, which coincide with the 
I(D)/I(G) ratio map in Figure 5-4(b). However, comparing SEUV+H2 with 
SEUV, even with the same amount of sp2, sp3, and C-OH, they show 
different I(D)/I(G) values, indicating that there is no unique quantitative 
relationship between I(D)/I(G) ratio and sp3 or C-OH content. The 
contribution from C-H or C-OH solely to I(D)/I(G) has yet to be 
investigated. Nevertheless, the XPS data clearly show that the defects 
were generated by EUV photons, including hydrogenation, and 
oxidation even in a reducing environment (H2). 
 

5.4 Conclusions 

The Raman results reported here show that there are defects induced in 
graphene after EUV irradiation, which is reflected by an increase of the 
D peak intensity. The defects are caused by breaking sp2 bonds by EUV 
photons, oxidation due to the formation of OH groups, and 
hydrogenation due to hydrogen plasma generated during EUV 
irradiation. The XPS results confirm that, after EUV irradiation, the 
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concentration of sp2 bonds in graphene decreases while the 
concentration of sp3 bonds and C-OH bonds increases, clearly indicating 
defects generated in graphene. EUV irradiation introduces defects both 
through oxidation with the residual water background, and more 
effectively by hydrogenation due to the presence of hydrogen plasma.  
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Chapter 6                                  
Defects formation in single layer 
graphene under extreme 
ultraviolet irradiation 
 
 
We study extreme ultraviolet (EUV) radiation induced defects in single-
layer graphene. Two mechanisms for inducing defects in graphene were 
separately investigated: photon induced chemical reactions between 
graphene and background residual gases, and disrupting the network of 
sp2 bonds, due to photon and/or photoelectrons induced bond cleaving. 
Raman spectroscopy shows that D peak intensities grow after EUV 
irradiation with increasing water partial pressure in the exposure 
chamber. Temperature-programmed desorption (TPD) experiments 
prove that EUV radiation results in water dissociation on the graphene 
surface. The oxidation of graphene, caused by water dissociation, is 
triggered by photon and/or photoelectron induced dissociation of water. 
Our studies show that the EUV photons cleave the sp2 bonds, forming 
sp3 bonds, leading to defects in graphene. 
 
 

6.1 Introduction  

Graphene, a two-dimensional hexagonal packed sheet of carbon atoms, 
has attracted a lot of attention from different research fields due to its 
unique physical and chemical properties.1-8 Graphene can act as a 
diffusion barrier by providing physical separation between an 
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underlying substrate and reactant gases. Indeed, studies show that 
graphene is highly impermeable to gases.9 Furthermore, single-layer 
graphene is also highly transparent to light, which makes it a promising 
protection layer for optical devices, such as mirrors, lenses and 
screens.10 Additionally, graphene can be grown on large scales by 
chemical vapor deposition (CVD) and can be transferred to arbitrary 
substrate, making the range of potential applications very wide.11  

Graphene devices may be used in harsh environments e.g., space 
applications, soft x-ray systems and extreme ultraviolet (EUV) 
lithography systems. Since the light source of current EUV lithography 
systems operates at a wavelength of 13.5 nm, the optical system is in 
vacuum, but with a significant partial pressure of water. The physical 
and chemical stability of graphene in such an environment is of critical 
importance if it is to be used as a part of an optical component. Early 
experimental work showed that defects were generated in multilayer 
graphene after EUV exposure. And, even in a reducing environment, a 
small partial pressure of oxidizing agents (water) may cause oxidation.12 
The damage to graphene observed in our previous study was attributed 
to two possible effects: photo-induced chemistry between graphene and 
background residual gases, and breaking sp2 bonds, due to EUV photon 
and/or photoelectron induced bond cleaving.  

In this work, we investigate both of these possible EUV-induced 
damage mechanisms on CVD grown single layer graphene. In previous 
chapter, the oxidative damage to graphene was tentatively attributed to 
the presence of a reactive low density water plasma produced by EUV 
irradiation in the vicinity of graphene surface. But in ref12, the amount 
of water (which was the main source of oxidative damage to graphene) 
adsorbed to the graphene surface was not controlled, nor was it possible 
to perform experiments without a substantial plasma-surface interaction. 
In this work, the influence of the EUV-induced water plasma is 
controlled in two different ways. In the first set of experiments, the 
partial pressure of water in the vacuum chamber was set by introducing 
water vapor into the interaction chamber. In the second set of 
experiments, water layers were deliberately deposited on a cold 
graphene surface (83 K). In the first set of experiments, the graphene is 
exposed to an EUV-induced plasma, which contains different 
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concentrations of water plasma. In the second set of experiments, the 
solid water layer can be ionized into much denser plasma under EUV 
irradiation. In addition, since this water layer is physisorbed onto the 
graphene surface, the reaction probability is much higher compared with 
that in the first set of experiments. By comparing the nature and density 
of defects induced in these two experiments, it is possible to determine 
the relative contribution of the EUV-induced plasma to the damage 
observed in graphene after exposure.  

Finally, in a third set of experiments, naturally accumulated 
hydrocarbon contamination (~0.7 nm) on a graphene surface was used 
as a barrier layer between the residual water and graphene surface. In 
this way, it was possible to study the damage to graphene, while 
minimizing the reaction rate between graphene and water plasma. 

In our experiments, the graphene was characterized using Raman 
spectroscopy, X-Ray photoelectron spectroscopy (XPS), and scanning 
electron microscopy (SEM), before and after exposure. The ratio of the 
D and G Raman spectral features is used as a measure of how well-
ordered the graphene crystalline structure is, while XPS is used to 
determine the amount of oxidation. SEM was used to qualitatively 
compare the graphene layer completeness. The adsorbed water was 
examined using temperature-programmed desorption (TPD) 
spectroscopy to understand the water layer morphology, water-water, 
and water-graphene interactions.  
 

6.2 Experiments 

For the first and second sets of experiments, single layer graphene 
samples, obtained from Graphene Supermarket Inc., were grown on 
copper substrates by CVD and transferred to SiO2/Si substrates. The 
substrate size was 10 mm x 10 mm with a 285 nm thick layer of SiO2. 
For the third set of experiments, single layer graphene samples on Cu 
substrates were purchased from Graphenea, which were stored in 
ambient condition for several months, leading to a layer of 
hydrocarbons about 0.7 nm thick on top of the graphene layer. For the 
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first and third sets of experiments, the graphene samples were exposed 
to EUV from a Xe plasma discharge source (Philips EUV Alpha Source 
2) with a repetition rate of 500 Hz. The light source is filtered by a 
Si/Mo/Zr thin membrane filter to produce 13.5 nm (92 eV) light, with 
deep UV light less than 3%.13, 14The EUV beam profile has a Gaussian 
distribution with FWHM= 3 mm. The EUV intensity at the sample 
surface was estimated to be 5 W/cm2 with a dose of 10 mJ/cm2 per pulse. 
The base pressure of the exposure chamber was 2x10-9 mbar (water 
partial pressure less than 2x10-9 mbar). For the second set of 
experiments, the graphene samples were exposed with EUV intensity of  
0.05 W/cm2, and the base pressure of the exposure chamber was 1x10-

9 mbar. 

All exposed samples were characterized using Raman spectroscopy, 
XPS, and SEM after exposure. Raman spectra were collected with a 
home-built system, based on a 532 nm solid state laser system and a 
Solar M266 spectrometer with a resolution of 1 cm-1. The illumination 
intensity was set at 200 W/cm2. The collection optics and pixel size of 
the detector result in a spatial resolution of 100x100 um2. The collection 
efficiency of the detector system was calibrated using the HG-1 
Mercury Argon Calibration Light Source and AvaLight-D(H)-S 
Deuterium-Halogen Light Source. XPS was measured by using a 
monochromatic Al-Kα, Thermo Fisher Theta probe with a beam 
footprint of 1 mm diameter. 

 

6.3 Results and discussion 

6.3.1 Photo-induced plasma of the residual 
water  

 
Four graphene samples (single layer graphene on SiO2/Si substrate) 
were exposed to EUV for 30 min with various water partial pressures. 
One of the graphene samples was exposed without adding water into the 
chamber (water partial pressure less than 10-9 mbar), while another three 
samples were exposed with water partial pressures of 1x10-7 mbar, 1x10-
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6 mbar, and 1x10-5 mbar, respectively. These four samples were kept at 
289 K by backside cooling during the exposure. After exposure, all the 
samples were examined by Raman spectroscopy and XPS. A typical 
Raman spectrum of graphene has three prominent features i.e., D, G and 
2D peaks, located at approximately 1350 cm-1, 1580 cm-1, and 2680 cm-1. 
The G peak is a first order Raman scattering process, corresponding to 
an in plane stretching of sp2 bonds. The D band is due to the breathing 
modes of six-atom rings, and requires a defect for activation. The ratio 
of I(D)/I(G) is commonly used to quantify the defect density.15 
Figure 6-1(a) shows the Raman spectra of the reference graphene 
sample (unexposed) and the exposed graphene samples. It clearly shows 
that the D peak height grows after exposure for all samples, indicating 
defect generation. Furthermore, the dependence of the I(D)/I(G) ratio on 
water partial pressure is clearly indicated in Figure 6-1(b).  . 

 

Figure 6-1 (a) The Raman spectra of the graphene samples on SiO2/Si 
substrate exposed to EUV under different water partial pressure. (b) The 

I(D)/I(G) ratio as function of the water partial pressure. The x axis is in log 
scale. 
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Figure 6-2 (color online) (a) The curve fitting results of the XPS spectrum for 
the graphene samples on SiO2/Si substrate exposed to EUV with water partial 
pressure of 1x10-5 mbar. The solid curve indicates the C1s peak while the four 
dot-dash curves are fitted curves. (b) The total carbon thickness of the exposed 
samples with various water partial pressures. Note that the unexposed sample 
has slightly hydrocarbon contamination on the s urface due to transport and 
storage in atmospheric conditions. The thickness is calculated based on the 

angle resolved XPS measurements assuming the carbon density of 2.1 g/cm3. 
The x axis is in log scale. 

 

The Raman spectra, however, do not clearly show the source of the 
increased defect density. Figure 6-2 shows the curve fit for the XPS 
spectrum of the C1s peak of the exposed sample. The four components 
of the C1s spectrum, corresponding to sp2 bonds in graphitic like 
carbon (284.3 eV), sp3 hybridization (285.2 eV), hydroxyl (C-O) 
groups (286.1 eV), and carboxyl (C=O) groups (288 eV), are plotted 
separately for the exposed sample. The appearance of sp3, C-O, and 
C=O bonds can be attributed to photo-induced bond cleaving and photo-
induced oxidation of graphene, due to presence of water. However, 
Figure 6-2(b) also shows that the total carbon thickness of the exposed 
samples increases, due to the well-known effect of hydrocarbon 
deposition during EUV exposure.16 The contribution of the deposited 
hydrocarbons to the XPS spectra makes a single interpretation of the 
data impossible, since the sp3, C-O, and C=O contributions can also 
come from the hydrocarbon contamination. Note that the EUV 
transmission will decrease by less than 1% due to 0.3 nm carbon 
contamination17, thus, the difference of EUV dose on graphene samples 
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is negligible, and cannot explain the differences between Raman spectra 
for the five samples. 
 

6.3.2 Photo-induced plasma of the adsorbed 
water  

 
In order to prevent hydrocarbon contamination, a layer of water was 
deliberately deposited on the graphene surface by dosing the surface 
with water while it was held at a temperature of 83 K. Directly before 
water dosing, the graphene sample was heated to 600 K to remove 
surface contamination, after which a calibrated surface coverage of 
water was adsorbed onto the sample. The water dose is expressed in 
Langmuir, with 1 L = 1.33x10-6 mbar.   

Temperature-programmed desorption (TPD) spectroscopy was 
performed to investigate how water adsorbs on to the graphene surface. 
The graphene sample was heated at a rate of 0.5 K/s and water 
desorption was detected by a quadruple mass spectrometer. To ensure 
that the signal is dominated by sample surface desorption, the entrance 
to the mass spectrometer consists of a cone that faces the sample surface. 
The cone has an entrance aperture of 4 mm, located approximately 
2 mm from the graphene surface. The temperature was measured with a 
thermocouple pressed onto the sample with a molybdenum clamp. Since 
this clamp has a relatively good thermal contact with the cold finger of 
the manipulator, the measured temperature will underestimate the actual 
sample temperature. 

In our experimental procedure, the graphene sample was dosed with 
water, and TPD spectroscopy was performed prior to EUV exposure. 
The sample was then re-dosed with water and exposed to EUV. A 
second TPD spectrum was obtained from the exposed water-graphene 
sample. Finally, the sample was dosed with water a third time and a 
third TPD was performed on the exposed graphene. This procedure was 
repeated three times on the same sample after EUV exposure of 10 min, 
30 min, and 180 min respectively. The EUV intensity in this exposure 
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was estimated to be 100 µJ/cm2, about 100 times lower than used in the 
first set of experiments. 

 

Figure 6-3 Temperature-programmed desorption spectra for H2O desorption 
on the graphene surface (a) TPD spectra for various H2O doses; (b) TPD 

spectra of the graphene sample under different EUV exposure time with water 
dosing time of 1 L. The “after exposure” dash-line curve stands for the TPD 
spectrum collected after all three cumulative exposures have been completed. 
The total exposure time is 220 min. The heating rate is 0.5 K/s. The curves are 

manually offset to the have the same background. 
 
The TPD results are shown in Figure 6-3(a). The spectra at low water 
dosages and high water dosages are markedly different, indicating that 
the structure of the adsorbed water is different, or evolves differently as 
function of both temperature and initial dose. As graphene (with certain 
hydrocarbon contamination) has a hydrophobic surface, water films tend 
to dewet upon heating. At low coverage, the water molecules form two-
dimensional (2D) clusters. Water molecules at edges of these clusters 
have low coordination to other water molecules, such that their 
desorption energy is low, resulting in the desorption peak around 
130 K.18-20  

However, as the coverage increases, water molecules can form 3D 
clusters of crystalline-ice like structure, resulting in a second peak at 
134 K. The position (temperature) of this peak increases with coverage, 
while the leading edge remains similar. This is characteristics for zero-
order desorption of water molecules from ice.19, 20 The rearrangement of 
the water suppresses the peak at 130 K for water doses above 3 L. At a 
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water dose of 5 L the 130 K peak disappears, which indicates that all 
water molecules form multilayers or 3D ice clusters. The TPD data from 
Figure 6-3(a) also indicates that water does not dissociate on adsorption 
to the graphene surface, thus, any water dissociation and resulting 
changes to the graphene are driven by EUV-induced processes as 
discussed in the following. 

In Figure 6-3, the TPD spectra of water on graphene before and after 
exposure are shown for a water dose of 1 L. It is shown in Figure 6-3(b) 
that the spectra of the graphene sample after exposure exhibits lower 
peak intensities than that of before exposure. This indicates that the 
amount of water on the surface decreases due to EUV-induced 
desorption of water. Note that, aside from the decrease in the total 
amount of water on the graphene surface, a second TPD peak appears at 
higher temperature after 30 min of exposure. This second peak is likely 
due to the water layer rearranging itself during EUV exposure. 

EUV photons with an energy of 92 eV can also cause water dissociation 
by direct photon excitation or by an indirect process involving 
secondary electrons emitted from the substrate. Many studies have 
shown that the indirect process, induced by secondary electrons, 
dominates over the direct photon excitation in the surface 
photochemistry.16, 21, 22 Therefore, direct EUV-dissociation can be 
neglected and the water molecules can be dissociated according to the 
following reactions:16 

𝑒− + 𝐻2𝑂 → 𝐻 + 𝑂𝐻− 

𝑒− + 𝑂𝐻 → 𝐻 + 𝑂− 

Upon dissociation, the reactive species can either desorb from the 
surface or react (mainly reactive oxygen species) with the graphene.  

Figure 6-4(a) shows the Raman spectra of the graphene sample before 
and after EUV exposure with adsorbed water layer. Comparing these 
two spectra in Figure 6-4(a), there is a clear D peak intensity increase at 
around 1350 cm-1, which is attributed to the presence of defects in 
graphene. Previous work has shown that defects in graphene can be 
induced by EUV radiation12, however, the shift of the G peak from 
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1585 cm-1 to 1595 cm-1  and of the 2D peak 2681 cm-1 to 2691 cm-1 , are 
usually interpreted as evidence of oxide doping.23  

Figure 6-4(b) shows the Raman spectra of samples exposed with and 
without water adsorbed on to the graphene surface. The two spectra 
differ in both the I(D)/I(G) ratio and the spectrum fluorescence 
background. Clearly, the I(D)/I(G) ratio of the sample exposed with 
water is much higher than that of the sample exposed without water, 
indicating more defects were generated in the former sample. The water 
layer adsorbed to the graphene surface will result in a very dense water 
plasma, and such a plasma should have a faster reaction rate than that of 
water plasma generated in the background residual gas. The large 
fluorescence signal in the sample exposed without water is attributed to 
hydrocarbon contamination.  
 

 
Figure 6-4 (a) Raman spectra of the graphene sample before (pristine) and 

after EUV radiation with water adsorbed onto the sample (exposed).(b) Raman 
spectra of the samples exposed with or without water adsorbed onto graphene 

surface. 
 
Figure 6-5 shows the curve fit for the C1s peak of the sample exposed 
to EUV with adsorbed water. The components of the C1s spectrum: sp2, 
sp3, C-O, and C=O, are plotted. The atomic concentration of each 
component and full width half maximum of the spectral components for 
the pristine sample, and samples exposed to EUV with and without 
adsorbed water are summarized in Table 6-1.  The broadening of the sp2 
peak from 0.88 eV to 0.98 eV is usually evidence of a transition from a 
highly ordered graphite-like carbon to a less ordered carbon state, 
supporting the conclusion from the Raman results that the exposed 
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graphene has more defects. The changes in C-O and C=O 
concentrations are not significant, considering that the uncertainty in the 
atomic concentration is ± 2.5%. The C-O and C=O bonds are most 
likely to be due to residual poly (methyl meth acrylate), used during the 
transfer process, and clearly observed on all samples using SEM (see 
Figure 6-6). 

 
Figure 6-5 (color online) The XPS spectra of the graphene sample exposed to 
EUV with adsorbed water onto graphene. The solid curve indicates the C1s 

peak while the four dot-dash curves are fitted curves. 
 
From the SEM images in Figure 6-6, it is apparent that there is less 
PMMA on the graphene after exposure. Cracks and holes are also 
observed in the SEM images for the exposed samples, indicating an 
oxidative etching effect.  We can see that the exposed graphene samples 
show more cracks and holes than the pristine sample. And these holes 
and cracks are predominantly along graphene grain boundaries, a 
phenomenon also observed for thermal oxidation of graphene.24, 25 The 
formation of C-O or C=O groups as a result of oxidation is due to fully 
dissociated water (e.g., atomic oxygen), or partially dissociated 
water (e.g., OH groups). The small holes in the pristine sample may 
come from the transfer process.  
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Table 6-1 Atomic concentration of C1s component, the total carbon thickness, and 
FWHM of the pristine sample, and samples exposed to EUV with and without adsorbed 
water. The total thickness is calculated based on the angle resolved XPS measurements 

assuming the carbon density of 2.1 g/cm3. 

 

It is also noted that the total thickness of carbon in the exposed sample 
decreases, due to both the etching of graphene and the removal of 
PMMA. This can be seen in the XPS data in Table 6-1, where the 
concentration of the sp2 and sp3 components decrease, while both the C-
O and C=O contributions remain almost unchanged. Cleaved sp2 bonds 
can either form sp3 bonds, or through oxidation form both sp3 bonds and 
C-O or C=O bonds. The combination of decreasing carbon, but 
increasing oxidation is indicative that the PMMA is preferentially 
removed. However, the unchanged sp3 and oxygen content (despite the 
disruption to the graphene and the overall removal of carbon) indicates 
that two competing processes are present. The removal of PMMA is 
compensated for by the oxidation of the graphene.  

 
Figure 6-6 SEM images of the pristine sample, and the sample exposed to EUV 

with adsorbed water showing PMMA residue, cracks and holes. The PMMA 
appears as the darker patches in both images. 

 
C sp2 
(at.%) 

C sp3 
(at.%) 

C-O 
(at.%) 

C=O 
(at.%) 

sp2 
FWHM 

(eV) 

Total 
thickness 

(nm) 

Pristine 
(unexposed) 

20.4 4.4 2.4 1.0 0.88 0.34 

Exposed with 
adsorbed H2O 

19.3 2.7 2.4 1.1 0.98 0.30 

Exposed without 
adsorbed H2O 

31.5 6.4 6.4 3.7 1.03 0.74 
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Until now, we have shown that from Raman results, I(D)/I(G) ratio 
grows as the water partial pressure increases, indicating more defects 
are forming in graphene. Together with the XPS data, it suggests that 
oxidation, triggered by the EUV radiation in the presence of water, 
results in the graphene being etched, forming cracks and holes, which is 
similar to the effect observed during thermal oxidation of graphene. In 
the case of EUV exposure, the oxidation process originates from the 
dissociation of water by EUV. However, to determine the relative 
contributions of EUV-induced oxidation and EUV-induced bond 
cleaving, the EUV-induced plasma must be separated from the graphene 
surface. 

 
Figure 6-7 Raman spectrum after fluorescence background subtraction (a) and 

XPS results (b) for the reference sample of monolayer graphene on Cu 
substrate with naturally accumulated hydrocarbon contamination. The solid 
curve indicates the C1s peak while the four dot-dash curves are fitted curves. 

 

6.3.3 Exposing graphene with hydrocarbon 
contamination 

 
Samples of single layer graphene on Cu substrate with a hydrocarbon 
contamination layer were prepared. The hydrocarbon layer is used as 
barrier layer between the residual water and graphene surface. In this 
way, it was possible to study the damage to graphene, while minimizing 
the reaction rate between graphene and water plasma. Four graphene 
samples were exposed to EUV for 30 min with background gas 
conditions that should be either reducing or oxidizing. One of the 
graphene samples was exposed without modifying the background 
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gas (10-9 mbar, mostly water), a second sample was exposed in a water 
partial pressure of 1x10-5 mbar, a third was exposed in a hydrogen 
partial pressure of 1x10-5 mbar, and the last was exposed in an oxygen 
partial pressure of 1x10-5 mbar. All samples were kept at 289 K by 
backside cooling during the exposure. 

Figure 6-7 shows the Raman spectrum and XPS results for an 
unexposed sample. From the Raman spectra, we can see that the single 
layer graphene is still visible after fluorescence background subtraction, 
despite the presence of hydrocarbon contamination. The XPS results 
clearly show that, in addition to the sp2 contribution, there is a 
significant amount of sp3, C-O, and C=O, which is attributed to the 
presence of hydrocarbon. Assuming a density of 2.1 g/cm3, the 
hydrocarbon contamination layer was found to be about 0.7 nm thick 
from XPS measurement (see Table 6-1). This hydrocarbon layer acts as 
a barrier layer between the graphene and the background residual gases 
in the exposure chamber. In this way, reactions between the EUV-
induced plasma and the graphene can be excluded. The dissociation of 
hydrocarbon to reactive H species by EUV irradiation is possible. 
However, an estimate of the rate indicates that, at maximum, the 
hydrogenation of graphene proceeds at a rate that is at least 6 times 
lower than the damage directly imparted by absorbed EUV radiation. 

 

Figure 6-8 (a) Raman spectra for the reference and exposed graphene samples 
on Cu substrate with naturally accumulated hydrocarbon contamination. (b) 

XPS results for the graphene sample exposed to oxygen. The solid curve 
indicates the C1s peak while the four dot-dash curves are fitted curves. 
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Figure 6-8(a) shows the Raman spectra of the reference (unexposed) 
and exposed graphene samples with naturally accumulated hydrocarbon 
contamination. It is noted that all the exposed samples show a clear D 
peak with approximately the same intensity.  The G peak, however, is 
broadened due to a more disordered carbon network after exposure. 
Analysis is complicated by the fact that all samples, except the one 
exposed to oxygen, show an increase in hydrocarbon carbon (see 
Table 6-2), which contributes to, not only the broadening, but also the 
increased intensity of the G peak.  In Table 6-2, it is also apparent that 
the sp2 atomic concentration is greatly reduced after exposure, from 
53.3 at.% to ~34.0 at.%, indicating that sp2 bonds are being broken and 
sp3 bonds are being formed. The C-O and C=O peaks are obviously 
more pronounced in the exposed samples shown in the XPS results in 
Figure 6-8(b) due to EUV induced oxidation of the covering 
hydrocarbon carbon layer.  

Table 6-2 Atomic concentration and total carbon thickness of the reference and exposed 
graphene samples with naturally accumulated hydrocarbon contamination. The error 

margin of the data is ±1 at.%. 

 
Reference Exposed to 

background gas 
Exposed 
to H2O 

Exposed 
to H2 

Exposed 
to O2 

C sp2 (at.%) 53.3 34.0 36.3 36.2 35.7 

C sp3 (at.%) 10.0 13.0 10.6 11.0 10.1 

C-O (at.%) 1.9 5.0 5.4 7.0 5.1 

C=O (at.%) 2.0 11.2 8.6 6.7 6.4 

O 1s (at.%) 13.0 22.8 23.2 22.8 23.9 

Cu2p3 
(at.%) 19.8 14.0 15.9 16.3 18.9 

Total 
thickness 

(nm) 
0.98 1.24 1.10 1.06 0.92 
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These results show that direct contact of the EUV-induced plasma and 
the graphene is not a necessary requirement for damage to graphene. 
The I(D)/I(G) ratio (~0.2) found in Figure 6-8 is much lower compared 
with the I(D)/I(G) ratio (~1.9) found in Figure 6-1 for the sample 
exposed to EUV with partial water pressure of 1x10-5 mbar, indicating 
that the hydrocarbon carbon layer is an effective barrier layer. In 
addition, in Figure 6-8, the I(D) intensities are almost the same for all 
exposed samples, indicating that the process is largely independent of 
the background gases. Considering these facts, the induced defects are 
predominantly due to photon and/or photoelectron induced bond 
cleaving, rather than the EUV-induced plasma. The photoelectrons from 
the Cu substrate may play an important role in defect generation in 
graphene, since the Cu substrate has a relatively high photoelectron 
yield.26 These photoelectrons may directly attribute to breaking the 
carbon sp2 bonds and subsequent oxidation process. 

It is important to note that the damage to graphene caused by plasma 
depends very strongly on the concentration and composition of the 
background gases, while, on the other hand, the damage to graphene 
caused by photon and photoelectron is only dependent on the photon 
flux. It is, therefore, impossible to determine the relative dominance of 
these two mechanisms, without specifying the background conditions, 
photon flux and even the type of substrate (photoelectron yield). 
Judging from the data in Figure 6-8, the contribution to I(D)/(G) from 
photon and photoelectrons is about 0.2. Considering the experimental 
results shown with Figure 6-1 (where the I(D)/(G) is about 1.9), we can 
conclude that, in those experiments, EUV-induced plasma is the main 
source for the defect generation. This finding is reinforced by the fact 
that the photoelectron yield for the SiO2 substrate is 0.00127, much less 
than that from the Cu substrate, which is 0.1.26  
 

6.4  Conclusion 

We have studied the damage mechanism of CVD grown single layer 
graphene under EUV irradiation. We found that the residual water in the 
vacuum chamber, EUV photons, and/or photoelectrons, all contribute to 
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defect generation in graphene during EUV exposure. The experimental 
data demonstrate that, under EUV radiation in the presence of water, 
defects were generated through oxidation, resulting in the graphene 
being etched, forming cracks and holes, which is similar to thermal 
oxidation of graphene. The oxidation process originates from the 
dissociation of water by EUV, and the fact that the EUV photons 
directly break the sp2 bonds forming sp3 bonds, which leads to defects in 
graphene. The photoelectrons emitted from the substrate can either 
cause oxidation via dissociating water molecules on the graphene 
surface, or directly break sp2 bonds, both of which will induce defects in 
graphene. Our results help understand lifetime considerations for 
graphene devices in the presence of hard radiation. Furthermore, the 
EUV-induced oxidation of graphene provides a possible route to resist-
free patterning of graphene. 
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Chapter 7                                  
Graphene defect formation by 
Extreme UV generated 
photoelectrons 
 
 
We have studied the effect of photo-electrons on defect formation in 
graphene during EUV irradiation. Assuming the major role of these low 
energy electrons, we have mimicked the process by using low energy 
primary electrons. Graphene is irradiated by an electron beam with 
energy lower than 100 eV. After e-beam irradiation, it is found that the 
D peak, I(D), appears in the Raman spectrum, indicating defect 
formation in graphene. The evolution of I(D)/I(G) follows the 
amorphization trajectory with increasing irradiation dose, indicating that 
graphene goes through a transformation from microcrystalline to 
nanocrystalline and then further to amorphous carbon. Further, 
irradiation of graphene with increased water partial pressure does not 
significantly change the Raman spectra, which suggests that, in the 
extremely low energy range, e-beam induced chemical reactions 
between residual water and graphene is not the dominant mechanism 
driving defect formation in graphene. Single layer graphene, partially 
suspended over holes was irradiated with extreme ultraviolet (EUV, 
92 eV) radiation. By comparing with the Raman results from e-beam 
irradiation, it is concluded that the photo-induced secondary electrons, 
especially those from the valence band, contribute to defect formation in 
graphene during irradiation.  
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7.1 Introduction 

Graphene, a two-dimensional hexagonal packed sheet of carbon atoms, 
has attracted a lot of attention from different research fields due to its 
unique physical and chemical properties.1-8 However, defects in 
graphene may substantially influence the performance of graphene-
based devices and materials. Irradiation of graphene with energetic 
particles, such as electrons, ions or photons, is known to generate 
defects in graphene.9-16 In the case of electron irradiation, defect 
formation in graphene has been extensively studied using transmission 
electron microscopy (TEM).14 In these studies, the same electron beam 
is used both to irradiate and image graphene, therefore, formation of 
defects is monitored in situ at atomic resolution. The electron beam 
energy in TEM is typically higher than the carbon atom displacement 
threshold in the graphene structure (80-100 keV)17, leading to vacancy 
type defects.14 Electron irradiation of graphene with electron energies 
lower than the displacement threshold has also been reported.  Iqbal and 
Teweldebrhan reported separately that defects appeared in graphene 
after irradiation with a 20 keV electron beam.11, 12 Furthermore, based 
on the evolution of D and G peak in Raman spectroscopy, they 
suggested that graphene went through a transition from crystalline to 
nanocrystalline and, finally, to amorphous carbon. Irradiation of 
graphene with energetic photons has also been studied, since graphene-
based devices may be used in the presence of ionizing radiation.9, 10 
Zhou reported that soft x-rays can easily break the sp2 bond structure 
and form defects in graphene that is weakly bound to a substrate.10 In 
their study, exfoliated bi-layer graphene, partially suspended over a 
trench with a depth of a few micrometers, was also exposed to X-ray 
radiation. Their analysis showed very similar D peak intensities for the 
Raman spectra of both the suspended and unsuspended regions. 
Therefore, it was concluded that defect formation was intrinsic to the 
graphene and not relevant to the substrate or any gases trapped in the 
trench.  
 
The above mentioned studies on the effects of irradiation on graphene 
are typically done with graphene on a substrate. The observed defect 
generation in graphene is usually attributed to the primary irradiation, 
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and the role of photo electrons, emitted from the substrate in response to 
the primary irradiation, has not been discussed in detail. However, in 
surface photochemistry, secondary electrons are considered to be the 
dominant factor responsible for surface processes.18, 19 In the study of 
Zhou and coworkers10 it was not possible to discuss the effect of the 
secondary electrons on defect generation in graphene in a quantitative 
way. This is because the secondary electron yield of the SiO2 substrate 
is unknown. 
 
In this letter, we study graphene defect generation due to direct 
exposure to electrons with energies that are typical for photoelectrons. 
Furthermore, by increasing the partial pressure of water in the chamber, 
we show that defects do not arise from electron-induced surface 
chemistry. By comparing the rate at which defects are generated by 
direct, low energy electrons and EUV generated electrons, we show that 
the photo-induced secondary electrons, especially those from the 
valence band, contribute to defect formation in graphene during 
irradiation. 
 

7.2 Experiments 

Single layer graphene samples were obtained from Graphene Master 
and Graphene Supermarket. In both cases, the graphene was grown by 
chemical vapor deposition on copper and transferred to a SiO2/Si 
substrate with a 285 nm thick layer of SiO2. The samples from 
Graphene Master were placed on a 5 mm square substrate that had a two 
dimensional array of holes etched into it. The diameter of the holes 
varied from 2 µm to 5 µm and had a depth of 300 nm, so that the 
transferred graphene was partially suspended. The samples from 
Graphene Supermarket were transferred to a 10 mm square, 
unstructured substrate for low energy electron beam studies.  
 
EUV exposures were performed using radiation from a Xe plasma 
discharge source (Philips EUV Alpha Source 2) with a repetition rate of 
1000 Hz. The light source is filtered by a Si/Mo/Zr thin membrane filter 
to produce 13.5 nm (92 eV) light.20, 21 The EUV beam profile has a 
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Gaussian distribution with full width half maximum of 3 mm. The peak 
EUV intensity at the sample surface was estimated to be 5 W/cm2 with a 
dose of 5 mJ/cm2 per pulse. The base pressure of the EUV exposure 
chamber was 1x10-8 mbar, which increases to 5x10-7 mbar during 
irradiation due to a small amount of Xe/Ar/N2 gas mixture from the 
source chamber leaking into the exposure chamber.  
 
E-beam irradiation was performed with an ELG-2/ EGPS-1022 electron 
gun (Kimball physics). The electron energy was varied from 3.7 eV to 
80 eV, while the electron dose was controlled by varying the irradiation 
time and emission current. The distance between the electron gun and 
the grounded sample was approximately 25 mm. E-beam exposures 
were performed at a chamber base pressure of 5x10-9 mbar, which 
increased only when additional background gases were deliberately 
added.  
 
Raman spectra were collected with both a commercial Raman 
microspectrometer system (Renishaw) with an excitation wavelength of 
514 nm, a spot size of 1 µm and an excitation power of 2.5 mW. A 
home-built Raman spectrometer, based on a 532 nm excitation 
wavelength, an illumination intensity of 200 W/cm2, and a spectrometer 
(Shamrock Solar M266) with a resolution of 1 cm-1, was used to collect 
wide-area Raman maps. The collection optics and pixel size of the 
detector result in a spatial resolution of 100 x100 µm2 and a field of 
view of 100 µm by 1000 µm.  
 

7.3 Results and Discussion 

Figure 7-1(a) shows the optical image of single layer graphene partially 
suspended on the SiO2/Si substrate. The Raman spectra for the graphene 
suspended and supported regions before EUV irradiation are shown in 
Figure 7-1(b). The I(2D)/I(G) is about 4, and the full width of the 2D 
peak is about 30 cm-1, confirming that the graphene is single layer. After 
EUV irradiation, the Raman spectra for the graphene suspended and 
supported regions are plotted in Figure 7-1(c). It is clearly shown that in 
both regions, a D peak, and a fluorescence background appear. The 
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latter is due to EUV induced carbon contamination.22 The two spectra 
have approximately the same I(D) but differ in the fluorescence 
background from 1800 cm-1 and higher wavenumbers. For the graphene 
on a substrate, there is fluorescence from hydrocarbon adsorbed on both 
sides of graphene. However, for the suspended sample, there is an 
additional signal from hydrocarbon at the bottom surface of the hole as 
well as signal from around the edges of the diffraction-limited spot (a 
ring that appears to have originated from the diffraction-limited spot at 
the graphene surface from the point of view of the microscope image 
plane). This can lead to an enhancement of the fluorescence background 
of about 2.4 times. The same I(D)) indicates that the defect density is 
the same in both suspended and supported regions.  

The experimental results here give rise to an interesting conclusion: 
either the secondary electrons emitted from the substrate do not generate 
any defects in graphene, or the secondary electrons emitted from both 
regions (graphene on SiO2 graphene suspended over Si) result in the 
same defect density in graphene, despite having vastly different 
secondary electron yields. It is likely that the secondary electrons, which 
typically have an energy spectrum with a maximum near the work 
function of the material (<10 eV) from which they are emitted, do not 
have sufficient energy to generate defects in graphene.  

The photoelectron energy spectrum from Si with native oxide starts at 
around 2 eV and is sharply peaked at around 2.5 eV, with a full width 
half maximum of 0.86 eV. At higher energies, the photoelectron yield 
decays exponentially. Electrons with energies above 20 eV are rarely 
emitted with an exception at 80-85 eV, corresponding to emission 
directly from the valence band. The flux of electrons within the energy 
range of 80-85 eV is approximately 3% of the total dose. To test if 
secondary electrons can damage graphene, graphene samples were 
irradiated using the low energy electron gun. Figure 7-2 shows the 
Raman spectra of graphene on an unstructured SiO2/Si after irradiation 
of electrons with different energies. In Figure 7-2(a), where the electron 
dose is about 1x1017 cm-2, the Raman spectra of the irradiated graphene 
samples are almost identical to the unirradiated samples, with no clear D 
peak. This indicates that no detectable defects were generated in 
graphene during e-beam irradiation. However, as the electron dose 
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increases to 1x1018 cm-2, and beyond, as shown in Figure 7-2(b), all the 
irradiated samples show a relatively small but clear D peak in their 
Raman spectra, confirming defect formation in graphene during 
irradiation. 

 

 

Figure 7-1 (a) top, optical image of graphene partially suspended on the holes 
on SiO2/Si substrate. The darker purple area indicates where the graphene is. 

The scale bar in the image is 20 µm. (b) middle, the Raman spectra for the 
graphene suspended and supported regions before EUV irradiation. (c) bottom, 

right, Raman spectra for the graphene suspended on a 4 µm hole and 
supported regions after irradiation. All the Raman spectra have been 

normalized. 
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Figure 7-2 Raman spectra of graphene on SiO2/Si (no holes, all graphene 
supported on SiO2) irradiated with different e-beam energies. The electron 

dose (a) 1x1017 cm-2, and (b) 1x1018 cm-2 (except for 3.7 eV and 5 eV, which is 
1x1019 cm-2). 
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Figure 7-3 (a) Raman spectra for graphene samples on SiO2/Si (no holes, all 
graphene supported on SiO2) irradiated under different dosages of electrons 

with energy of 80 eV. (b) I(D)/I(G) ratio versus the electrons dose. (c) I(D)/I(G) 
ratio versus the electron energy times electron dose. 

 

Graphene samples irradiated by electrons with an energy of 80 eV were 
also examined. The secondary electron energy spectrum of Si has a 
small peak at 80 eV, due to photo-emission from the valence band. As a 
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result, the secondary electron flux at 80 eV is much greater than the flux 
at energies between 80 and 20 eV and should be investigated. The 
Raman spectra of the irradiated samples are shown in Figure 7-3(a). 
From the Raman spectra, it can be seen that a D peak appears, even at 
very low dose, indicating 80 eV electrons generate defects in graphene 
more efficiently. The I(D)/I(G) ratio as a function of the electron dose is 
plotted in Figure 7-3(b). The I(D)/I(G) ratio first increases to a 
maximum and then falls with increasing electron dose. This behavior 
follows the amorphization trajectory in irradiated carbon material 
proposed by Ferrari.23 Electrons first cause local defects in graphene, 
reducing the long-range order. Thus (micro) crystalline graphene 
transforms to nanocrystalline graphene. As the defects accumulate, the 
nanocrystalline graphene becomes more disordered, until it must be 
considered to be amorphous sp2 carbon. Note that the I(D)/I(G) ratio as 
a function of dose for 5 eV electrons is also plotted in Figure 7-3(b) and 
appears to be following the same trajectory, though requiring a larger 
dose. It should also be noted, however, that the damage is not simply a 
function of the energy deposited in the sample, as can be seen in 
Figure 7-3(c). 

The presence of residual water vapor in the vacuum chamber is known 
to result in graphene oxidation when exposed to 100 keV electron 
irradiation.14, 24 It is, therefore, possible, that the observed increase in 
defects is due to electron-induced chemistry. To test this, graphene was 
irradiated with 20 eV and 40 eV electrons at two different background 
water partial pressures. Under normal operating conditions, the main 
residual gas in the chamber is water, at a maximum pressure of 5x10-

9 mbar (in reality it is less, since this is the total chamber pressure). The 
background water pressure was increased by leaking water into the 
chamber until the pressure was 2.2x10-8 mbar. Note that higher 
pressures cannot be used because the electron gun only works at 
pressures below 1x10-7 mbar. Figure 7-4 shows the Raman spectra of 
the graphene samples irradiated by 20 eV and 40 eV electrons at two 
different chamber pressures. The spectra are almost identical, meaning 
that, in the extremely low energy range of electron irradiation, the 
electron flux does not initiate chemical reactions between residual water 
and graphene at a measurable rate. Therefore, oxidation is not the 
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dominant mechanism for defect formation in graphene. Yuzvinsky et al 
also reported that electron beam induced damage to carbon nanotube 
was closely related with the water partial pressure.24 In their 
experiments, no damage was observed for experiments with water 
partial pressure below 2 x 10−6 Torr with electron energy of 1 keV. 
Furthermore, in Figure 7-2(b) it is shown that irradiation with 3.7 eV 
electrons is sufficient to initiate defects in graphene, which is lower than 
the bond energy of O-H bonds in water (about 4.8 eV) and the 
ionization energy of water (about 12.6 eV).25 

 

Figure 7-4 Raman spectra for graphene on SiO2/Si irradiated by 20 and 40 eV 
in different vacuum conditions. 

 
As mentioned in the introduction, vacancy type defects in graphene, 
require an electron energy of 80-100 keV. It is also reported that the 
Stone-Wales type of defect requires an electron energy of approximately 
25 keV.17 Since the energy of electrons in this study is far below these 
values, neither vacancy nor Stone- Wales type of defects are expected 
here. Krauss et al reported disassembly of a graphene single crystal into 
a nanocrystalline network induced by 488 nm (2.54 eV) laser 
irradiation.26 They concluded that the disassembly process is due to two-
photon induced breaking of sp2 carbon-carbon bonds. The bond 
enthalpy for carbon-carbon single bond and double bonds is 3.6 eV and 
6.14 eV separately.25 The carbon single bond energy is about the same 
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as the lowest electron beam energy in our experiments. We conclude, 
therefore, that defects are due to breaking sp2 and, thus, forming sp3 
bonds. As a result, smaller sub-crystal structures form (nanocrystalline 
graphene). 
 
Now it is possible to explain the results in Figure 7-1. The secondary 
electron yield under EUV (92 eV) irradiation from a Si surface with 
native oxide is about 0.017 electrons/photon.27 Although there is no 
published data on the secondary electron yield from SiO2, it was 
estimated to be 0.001.28 The secondary electron energy spectrum from 
Si starts at around 2 eV and is sharply peaked at around 2.5 eV, with a 
full width half maximum of 0.86 eV. At higher energies, the secondary 
electron yield decays exponentially. Electrons with energies above 
20 eV are rarely emitted with an exception at 80-85 eV, corresponding 
to emission directly from the valence band. The flux of electrons within 
the energy range of 80-85 eV is approximately 3% of the total dose. For 
30 min exposure with an EUV intensity of 5 W/cm2, the total dose of 
secondary electrons ejected from the silicon surface is about 1x1019 cm-2, 
and from SiO2 surface is 6x1017 cm-2 (assuming the yield is 0.001). 
According to the data in Figure 7-2 and Figure 7-3, the graphene sitting 
directly on the SiO2 substrate is exposed to an electron dose which is 
unlikely to lead to a detectable D peak with an exception of the valence 
band electrons with energy at around 80 eV, which will contribute an 
I(D)/I(G) of 0.15 (see supplementary material). On the other hand, the 
high secondary electron yield of the Si surface should result in an 
increase in defects (corresponding to an increase of I(D)/I(G) ~= 1.2 
relative to the unsuspended graphene. Yet, this is not observed.  

A possible explanation is that the flux of secondary electrons to the 
graphene is reduced by the experimental conditions. It has been shown 
that graphene, suspended over trenches and holes, is able to trap gas at 
atmospheric pressure.29 The graphene membrane was transferred onto 
the SiO2 substrate under atmospheric conditions, therefore, it is possible 
that the pressure in the hole is approximately 1 bar. Under these 
conditions, the secondary electrons are likely to scatter given the fact 
that its mean free path is comparable with the height of the hole. From 
the Raman spectra in Figure 7-1, we also observed that the fluorescence 
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background, due to amorphous carbon deposition (on graphene and/or 
Si), was substantially stronger in the suspended regions. This indicates 
that an amorphous carbon layer may be shielding the graphene from the 
secondary electron flux. 

It is also interesting to compare our observations to those from electron 
and EUV irradiation of other surfaces, such as ruthenium.18 In the case 
of metals, the dominant form of degradation is due to oxidation 
(provided residual hydrocarbons are under control). Published data 
show that the low energy secondary electrons are primarily responsible 
for the dissociation of water, leading to the surface and subsurface 
oxidizing.18 This is in stark contrast to our results, which indicate that 
the secondary electrons do not promote oxidation, and that the graphene 
damage is limited to direct processes, such as sp2 bond breaking. 
 

7.4 Conclusion 

We have studied the effect of secondary electrons from a substrate on 
defect formation in graphene during EUV irradiation. Experiments show 
that extremely low (80 eV) energy electrons will lead to defect 
formation in graphene if it is irradiated with sufficient dose. The 
electrons excited directly from the valence band are more efficient in 
defect formation than the secondary electrons. The process of the 
damage to graphene follows the amorphization trajectory with 
increasing irradiation dose, indicating that graphene goes through a 
transformation to nanocrystalline and then further to amorphous carbon. 
Furthermore, irradiation of graphene with different water partial 
pressures show similar Raman spectra, which suggests that, in the 
extremely low energy range, e-beam induced chemical reactions 
between residual water and graphene is not the dominant effect in defect 
formation in graphene. These results indicate a different degradation 
process compared to the EUV induced oxidation of metallic surfaces, 
namely photo-induced electrons break sp2 bonds and, thus, lead to 
graphene degradation during EUV radiation. These findings are of 
relevance for protective top layers on EUV reflecting mirrors in 
applications, such as EUV photolithography. 
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Chapter 8 Valorization 
 
In this thesis, we have explored a novel EUV reticle inspection method, 
and a material candidate for an EUV pellicle, both of which could be 
applied in EUVL systems. In section 8.1, we will discuss how the 
photoluminescence-based inspection method described in Chapter 4 can 
be used as an in situ inspection technique in EUVL. In section 8.2, 
based on the experimental results from graphene exposed to EUV 
irradiation discussed in Chapter 5-7, we will present the recommended 
future work towards making an adequate EUV pellicle based on 
graphene. 
 
 

8.1 Inspection of EUV reticles 

In Chapter 4, we proposed an inspection method based on the 
photoluminescence characteristics of contaminant particles on EUV 
reticles. A feasibility study was conducted in the research department of 
ASML. The requirements for inspection of EUV reticles are proposed 
by ASML, together with one of its customers (Table 8-1). We 
particularly focused on the investigation to identify the minimum 
particle size which can be detected with our method. An inspection 
setup was designed and built to investigate the photoluminescence 
characteristics of contaminant particles. This inspection method can be 
potentially applied as Reticle Inspection Module (RIM) in EUVL 
systems. A concept of implementation of such an inspection module is 
illustrated in Figure 8-1.  
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Figure 8-1 Schematic view of the proposed Reticle Inspection Module in an 

EUVL system. Filters are included in the collection optics. 
 
This inspection module is based on our inspection setup with the major 
change of using only one CCD camera to capture the 
photoluminescence signal from the contaminant particles. Based on our 
experimental results, the excitation laser is chosen to be 420 nm with a 
maximum power of 200 W/cm2. A configuration with an 
EMCCD (Electron Multiplying Charge Coupled Device) camera is also 
possible, but is not required. An example of the working principle of 
such an inspection module is shown in Chapter 4.  
 

Table 8-1 Requirements for particle inspection on EUV reticles. 
Item Requirements 

Minimum detectable particle size on reticle 25 nm for 22 nm node 
Total inspection time < 60 min 

Probability of detecting min. particle >0.99 
# false positives per reticle 1/10 
Reflectivity loss of reticle < 1% within lifetime 

 
We have analyzed the critical contaminant particles from a real exposed 
EUV reticle, composed of organics (hydrocarbons), Al, and stainless 
steel. It is estimated that 25 nm organic particles and 100 nm Al 
particles could be detected. However, not all the particles categorized as 
Al particle could be detected. For stainless steel particles, 
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photoluminescence has been detected with coating 50 µm x 50 µm, 
50 nm thick. Based on the photoluminescence yield, the estimated 
minimum detectable size is about 2 µm. An increase of emission 
intensity for both Al and steel particles is required to meet the 
inspection requirements. For Al particles, within the size range of 
interest, the color center doping density may play a critical role for its 
photoluminescence signal. Electron or γ radiation could introduce color 
centers in Al2O3, but this needs further investigation. For stainless steel 
particles, further studies are required to either introduce emission 
centers within the particle or to label the particles with fluorescent dyes. 
 

 
Figure 8-2 Proposed Reticle Inspection Module, based on a combination of 

diffractive filtering and photoluminescence. 
 
In Chapter 1, we described a method based on light scattering for 
inspection of particles on reticles with periodic structures. We can 
combine this inspection method with the photoluminescence method. A 
proposal has been shown in Figure 8-2. A dichroic mirror is used to 
split the reflected (diffracted) light and the photoluminescence emission. 
Two extra spectral filters are used to further suppress the residual 
reflection and photoemission, respectively. Two separate images, from 
scattered light and photoluminescence signals, are recorded 
simultaneously. Although combining these two techniques in a single 
setup enables our inspection module to detect particles with smaller 
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sizes on periodically patterned reticles, this still needs further 
improvement to detect 25 nm particles on reticles with arbitrary patterns.  
 

8.2 Pellicle for the EUV reticle 

Pellicles are widely used to prevent particles from depositing on the 
reticle in visible and deep UV lithography. However, a pellicle has to 
fulfill several critical requirements, listed in Table 8-2, which makes the 
development of a pellicle for EUV reticles very challenging. The 
requirements put limits on the mechanical, chemical, and thermal 
properties of the pellicle materials.  
 

Table 8-2 Proposed requirements for an EUV pellicle. 

 
In this study, we focused on the lifetime of graphene based pellicles. 
Our experimental results show that defects appear in graphene after 
exposure to EUV. The influence of defects on the physical and chemical 
properties that make graphene promising for use as an EUV pellicle is 
still under investigation. Water plasma induced by EUV leads to holes 
and cracks in graphene membranes, which may cause potential EUV 
transmission non-uniformity, or, even worse, result in particles flying 

 Item Requirements 

Material requirements 

EUV transmission 90% for single pass 
Size 110 x142 mm2 

EUV power at reticle 
5 W/cm2  (250 W 

source) 
Lifetime 315 hrs  

Max. acceleration 100 m/s2 

Imaging requirements 

EUV transmission spatial 
non-uniformity 

<0.2% at reticle 

EUV transmission 
angular non-uniformity 

< 300 mrad of local 
pellicle angle 

Pellicle + frame 
requirements 

Stand-off distance 
<2.5mm (including 

tolerances and sagging) 
Max. pressure changing 

rate 
3.5 mbar/s (peak 

during pump-down) 
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through the pellicle. This indicates that graphene pellicles may require 
protection or sacrificial layers.  
 

 
Figure 8-3 (a) schematic of a nano-indentation measurement. (b) a force-

deflection curve of such measurement. 
 
The mechanical properties of graphene membranes under EUV 
irradiation is not understood yet. The mechanical properties of free-
standing graphene films can be probed by nano-indentation with an 
AFM, as illustrated in Figure 8-3(a). The test is performed by pressing 
the AFM tip against the center of a graphene membrane while recording 
the applied force and deflection of the membrane. The force-deflection 
data are then processed to determine the elastic properties of the 
graphene membrane (Figure 8-3(b)). The force-deflection data is fit 
using Eq. 8-1as described in Ref.1  
 

 
where F is the applied force, δ is the membrane deflection, 𝝈𝟐𝟐 is the 
pretension in the film, q = 1.02 is a constant. 𝑬𝟐𝟐 is the elastic modulus, 
and a is the radius of the membrane. Some preliminary experiments 
show that the 2D effective elastic modulus of pristine graphene 
membranes is about 83±11 N/m, which is lower than the intrinsic elastic 
modulus of graphene (340 N/m). However, the elastic modulus 
increases to 212±18 N/m after the graphene membranes were exposed 
to EUV irradiation, although Raman spectroscopy indicates defects 
generated in graphene. This could be caused by the hydrocarbon 
deposition on graphene membranes after EUV exposure. 

2 2 3 3( ) ( )( )D DF a E q a
a a
δ δσ π= +   

 

8-1 
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Several other issues should be addressed here. The influence of defects 
on graphene’s other properties, such as thermal and mechanical strength, 
should be understood. And, to eliminate cracks or holes and minimize 
the defect density in graphene within the pellicle lifetime, a protection 
layer could be applied on both sides of the graphene membrane, thereby 
excluding reactions between water and graphene. However, the thermal, 
chemical and optical properties of this new sandwiched structure should 
also be investigated. The number of graphene layers which can be used 
for pellicle applications is also still under investigation. Generally, 
graphene with more than 10 layers is considered to be graphite (for 
which the properties are well known), and each layer of graphene will 
absorb 0.2% of EUV light per pass. Another topic which is under 
investigation is the growth of graphene layers with a size of 110 x 
140 mm2. Single crystal graphene is preferred to meet the EUV 
transmission non-uniformity requirements and preserve other physical 
properties, e.g., mechanical strength, thermal conductivity, etc. Poly-
crystalline graphene can meet the EUV transmission non-uniformity 
requirements, however, the grain size has to be on the order of sub 
microns. At the same time, the thermal conductivity may decrease 
because of scattering at grain boundaries. A new PhD project has been 
granted for continuing with investigation on these topics.  
 

 
Figure 8-4 Schematic view of graphene-Si based pellicle. There are 9 layers of 

Si, each 5 nm thick. In between, a monolayer of graphene is deposited. The 
pellicle is capped by SiNx on both sides. Note that the exact number of layers, 
the Si layer thickness, and the capping material can still be optimized for EUV 

transmission. 
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In the end, we propose a new concept for an EUV pellicle, based on 
graphene-Si composites. This pellicle consists of alternating poly-
silicon layers and monolayer graphene with SiNx capping layers, as 
shown in Figure 8-4.  
 
Single layer graphene is known as one of strongest materials with a 
tensile strength of 130 GPa and a Young’s modulus of 1 TPa.1 Owing to 
its two dimensional geometry and high mechanical strength, graphene 
has the potential to be a strength enhancer in composites. Youbin Kim et 
al., reported that a nano-layered composite consisting of alternating 
layers of metal (Cu or Ni) and monolayer graphene showed a increased 
mechanical strength.2 The graphene layers here are used to block 
dislocation propagation across the metal-graphene interface. In a similar 
manner for our pellicle design, graphene is used to strengthen the poly-
silicon membranes, preventing cracking. Besides, the high thermal 
conductivity and ultra-low interfacial thermal resistance between 
graphene and metals could be an important advantage in thermal 
management.3 The embedded graphene layers in pellicles can be used to 
dissipate heat to increase the maximum thermal load of the pellicle. 
Manufacture of such a pellicle is technically challenging. Here we 
propose two ways of fabricating such a pellicle, which are indicated in 
Figure 8-5 and Figure 8-6, respectively. Both are capable of producing 
full size pellicles (142 x 118 mm2), and have advantages and 
disadvantages. 
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Figure 8-5 The "PMMA transfer" method for producing a multilayer 

graphene/Si pellicle. 
 
 

 
Figure 8-6 The "direct growth" method. 

 
The “PMMA transfer” method, as shown in Figure 8-5, uses mature 
technologies: graphene grown by chemical vapor deposition on a Cu 
substrate, followed by transferring to a Si substrate. These techniques 
are commercially well established.4-6 However, transferring process 
using PMMA will introduce undesired particles, wrinkles, or even 
cracks.6 In contrast, the “direct growth” method grows graphene directly 
on Si within the same sample preparation chamber, and no PMMA 
transferring process is needed, thus, eliminating particles, wrinkles or 
cracks in graphene. The main challenge of this method is to grow high 
quality single layer graphene on a Si substrate. Only few studies were 
reported on graphene growth on Si, in which the quality of the graphene 
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with respect to the defect density and grain size needs to be improved to 
fulfill the requirements for pellicle applications.7, 8 This type of 
graphene-based pellicle will be investigated in the future. 
 

8.3 Conclusion 

Valorization aspects in Extreme UV photolithography are generally of a 
complex, interdisciplinary nature. They require research of an 
exploratory nature at the boundary of technology. To mitigate particle 
contamination on the reticle in EUVL systems, we have explored two 
strategies: photoluminescence-based inspection and a graphene-based 
pellicle. The photoluminescence-based inspection method can detect 
organic particles all down to 25 nm, Al particles 100nm, and stainless 
steel particle 2 µm. Therefore, it requires further improvement to be 
applied as a Reticle Inspection Module (RIM) in EUVL systems. We 
have noticed that although this technique is aimed at inspection of EUV 
reticles, it can also be applied to detect particle contamination on nano-
imprint templates, where the contaminant particles are mainly organics.  
Research related to EUV pellicles showed that defects appear in 
graphene after exposure to EUV irradiation. Nevertheless, it may still be 
possible to make a graphene-based pellicle by combining graphene with 
other protection layers or by using graphene as strengthening layers in a 
composite. 
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Chapter 9 Summary 
 
Extreme UV photolithography is scheduled to be the next generation 
lithography method which is used in semiconductor manufacturing. To 
ensure that the original chip pattern is printed with high fidelity, EUV 
lithography masks, or ‘reticles’, require a clean environment. Small 
particles, e.g. from the EUV light source, dust or mechanical wear parts, 
are present in the system and need to be prevented, detected, and 
cleaned. The acceptable number and size of particles on the reticle 
during exposure is decreasing while the size demand is typically 25 
nm (spherical equivalent diameter) and less. This demanding situation 
requires the development of new technologies. Two of the most 
perspective are explored in this thesis: in situ reticle inspection, and 
protecting the reticle from particles using a membrane, or ‘pellicle’.  
 
In this study, we propose a comparison-free inspection technique to 
detect particle contamination on the reticle of EUV lithography systems, 
based on the photoluminescence spectral characteristics of the 
contaminant particles. Our primary experiments focus on determining 
the photoluminescent yield of typical particles found on reticles. An 
inspection setup for EUV reticles has been designed, built, and 
characterized. The photoluminescent spectrum from critical contaminant 
particles, obtained from exposed EUV reticles, namely 
organic (hydrocarbon), Al, and stainless steel particles, has been 
characterized. Based on experimental results, where the 
photoluminescent spectrum from organic particles with a size of 100 nm 
was obtained, it was estimated that down to 25 nm particles are 
detectable. For Al particles, the smallest particle detected was 350 nm. 
It was found, however, that not all the Al particles were 
photoluminescent. Based on the average photoluminescence yield, the 
minimum detectable Al particle size was estimated 100 nm. The 
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photoluminescence spectrum from stainless steel particles was only 
detected from stainless steel coatings. The estimated minimum detected 
particle size was approximately 2 µm. Finally, we note that the 
inspection method proposed here can be applied not only for inspecting 
EUV reticles, but also for detecting particle contamination on nano-
imprint structures or templates. 
 
Pellicles, a second subject explored in this thesis, are widely used in 
lithography to shield reticles from particles. Conventional pellicles are 
not suitable for EUV lithography due to their high absorption. Several 
investigations of Si-based pellicles were reported, but they suffer from 
imaging performance degradation, and unmanageable heat loads. 
Recently, there has been renewed interest in EUV pellicles because 
advances in 2D materials, such as graphene, have provided materials 
with more suitable mechanical and thermal properties. The chemical 
stability of graphene during EUV exposure is not yet fully understood, 
while one of the aspects which is of importance for lifetime 
considerations. Multi-layer and single layer graphene on different 
substrates (Ni, Cu, SiO2), as well as suspended single-layer graphene, 
were investigated in this thesis. Results show that defects are created 
during EUV irradiation. The experimental data demonstrate that, under 
EUV radiation in the presence of residual water, oxidation occurs, 
resulting in the graphene being etched, and forming cracks and holes, 
due to dissociation of water by EUV. In addition, the defect density was 
found to be proportional to the water partial pressure in the exposure 
chamber.  
 
By introducing a physical barrier (consisting of naturally accumulated 
hydrocarbons) between the graphene and the residual gas, it was found 
that EUV photons still generate defects in graphene. To understand if 
the defects are photon-generated, or electron-generated, an electron gun 
was used to mimic the photoelectrons flux (3.7 eV-80 eV) generated by 
the photons. Depending on the flux and electron energy, an increase in 
defects was observed, compared to unexposed graphene. However, this 
defect density was not dependent on the water partial pressure. It was 
concluded that low energy electrons (photoelectrons) can directly break 
sp2 bonds in graphene, which will induce defects.  
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Based on our experimental data, we have shown that EUV photons, 
EUV induced photoelectrons can all generate defects in graphene. And 
we conclude that at the relatively high water partial pressure (10-5 mbar) 
in the exposure chamber, water vapor dissociated by EUV, is the main 
source of defects. The results shown here are of critical importance for 
the lifetime of graphene-based pellicles. Considering our exposure 
conditions, it is estimated that under the conditions in a real EUVL 
system with an EUV intensity of 250 W/cm2, and required lifetime of 
315 hrs, a significant increase in defect density can be expected, leading 
to possible degradation of the performance required for a pellicle, e.g., 
transmission uniformity, thermal conductivity and mechanical strength.  
 
On the above two topics on EUVL defect sensitivity, current key 
mechanisms were identified and explored in this thesis, with onsets to 
further materials development. 
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Samenvatting  
 
Extreem Ultraviolet fotolithografie wordt alom gezien als de nieuwe 
methode voor het fabriceren van halfgeleiderstructuren. Om er zeker 
van te zijn dat het originele chippatroon met een hoge 
reproduceerbaarheid kan worden geprint, moeten de maskers voor 
EUV-lithografie (ook aangeduid als ‘reticles’) zich in een zeer schone 
omgeving bevinden. In de lithografiemachine kunnen kleine deeltjes 
aanwezig zijn, afkomstig van bijvoorbeeld de EUV lichtbron of van aan 
slijtage onderhevige mechanische onderdelen. Het ontstaan van deze 
deeltjes dient zoveel mogelijk te worden vermeden, en resterende 
deeltjes moeten worden gedetecteerd en geëlimineerd. Het toelaatbare 
aantal alsmede de grootte van de deeltjes op het reticle tijdens de 
belichting wordt voortdurend lager,.Typisch ligt die grens bij 25 nm. 
Deze veeleisende specificaties maken het noodzakelijk om naar nieuwe 
technieken te kijken. Twee van de meest veelbelovende oplossingen 
worden in dit proefschrift nader bestudeerd: in situ detectie van deeltjes 
op het reticle en het gebruik van een beschermend membraan, ook wel 
‘pellicle’ genoemd, dat voor het reticle wordt geplaatst.  
 
Allereerst is gekeken naar een vergelijkingsvrije inspectietechniek om 
deeltjes op een EUV-reticle te detecteren. Deze techniek is gebaseerd op 
het karakteristieke fotoluminescentiespectrum van de 
contaminatiedeeltjes. Onze eerste experimenten hebben zich vooral 
gericht op het bepalen van de mate van fotoluminescentie van deeltjes 
die typisch op reticles worden gevonden. Om deze inspectiemethode 
van EUV reticles mogelijk te maken is een experimentele opstelling 
ontworpen, geïnstalleerd en gekarakteriseerd.  
 
Het fotoluminescentiespectrum van kritieke contaminatiedeeltjes, nl. 
organische (koolwaterstoffen), aluminium en roestvrijstaal (RVS) 
deeltjes, is gekarakteriseerd. Op basis van deze experimentele resultaten, 
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waarbij het fotoluminescentiespectrum van organische deeltjes met een 
afmeting van 100 nm met succes is bepaald, zouden deeltjes groter dan 
25 nm detecteerbaar moeten zijn. De kleinste aluminiumdeeltjes die 
gedetecteerd konden worden, waren 350 nm. Hierbij moet echter 
opgemerkt worden dat niet alle aluminiumdeeltjes fotoluminescent 
waren. Op basis van  de gemiddelde fotoluminescentie-opbrengst is de 
detectielimiet voor aluminiumdeeltjes vastgesteld op ongeveer 100 nm. 
Het fotoluminescentiespectrum van RVS-deeltjes is alleen gedetecteerd 
op RVS coatings. De geschatte detectielimiet van deze deeltjes is 2 
micrometer.  
 
De hierboven genoemde inspectiemethode is niet beperkt tot het 
inspecteren van EUV-reticles maar leent zich ook voor het detecteren 
van contaminatiedeeltjes op nano-imprint-structuren of patronen.  
 
Het tweede onderwerp dat in dit proefschrift wordt beschreven zijn 
masker-membranen, ook pellicles genoemd. Bij fotolithografie worden 
deze gebruikt om het reticle-oppervlak te beschermen tegen 
contaminatie. Voor EUV-lithografie kunnen conventionele pellicles niet 
worden gebruikt vanwege hun hoge mate van absorptie van het EUV-
licht. Verschillende op silicium gebaseerde pellicles worden in de 
literatuur genoemd, maar deze veroorzaken veelal degradatie van de 
afbeelding en zijn vaak onvoldoende bestand tegen de thermische 
belasting. De laatste jaren echter is er opnieuw interesse gekomen in het 
ontwikkelen van EUV pellicles door de vooruitgang in het fabriceren 
van 2D-materialen zoals grafeen. Grafeen heeft namelijk uitstekende 
thermische en mechanische eigenschappen voor de omgeving waarin 
een EUV-pellicle wordt geplaatst. Over de chemische stabiliteit van 
grafeen onder EUV-straling is echter nog weinig bekend, hoewel dit 
voor de levensduur een belangrijk punt is. In dit proefschrift zijn 
daarom multi- en enkellaags grafeen op verschillende substraten (Ni, Cu 
en SiO2) en vrijstaand opgespannen enkellaags grafeen onderzocht. De 
resultaten laten zien dat EUV-straling defecten aan het grafeen kan 
veroorzaken. Uit de experimenten volgt dat water (wat altijd in kleine 
hoeveelheden als restgas aanwezig is) dissocieert onder invloed van 
EUV-straling en het grafeen oxideert. Dit kan vervolgens leiden tot het 
ontstaan van scheuren en gaten of het wegetsen van grafeen. De 
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defectdichtheid is hierbij afhankelijk van de partiële druk van 
waterdamp in de vacuümkamer waarin het grafeen is blootgesteld aan 
EUV-straling.   
 
Zelfs wanneer een barrière, bestaande uit natuurlijk geaccumuleerde 
koolwaterstoffen, tussen het grafeen en het achtergrondgas aanwezig is, 
bleek het mogelijk voor EUV-fotonen om defecten in het grafeen te 
veroorzaken. Om te begrijpen of deze defecten veroorzaakt worden door 
fotonen of elektronen is een elektronenkanon gebruikt om het effect van 
een foto-elektronenflux (3.7-80 eV) na te bootsen. Afhankelijk van de 
flux en de elektronenergie is er een toename in het aantal defecten 
geobserveerd in vergelijking met grafeensamples die niet zijn 
blootgesteld. In dit geval was de dichtheid van de defecten 
onafhankelijk van de partiële druk van waterdamp . Hieruit kan 
geconcludeerd worden dat elektronen met lage energie (foto-elektronen) 
direct de sp2-bindingen in grafeen kunnen verbreken, hetgeen resulteert 
in defecten.  
 
Gebaseerd op deze experimentele gegevens hebben we laten zien dat 
zowel EUV-fotonen als EUV-geïnduceerde foto-elektronen defecten in 
grafeen kunnen veroorzaken. Ook kunnen we concluderen dat een 
relatief hoge partiële druk van waterdamp in de vacuümkamer (10-5 

mbar) hiervoor een belangrijke oorzaak is : het EUV-licht kan water 
dissociëren, wat vervolgens het grafeen kan oxideren. Deze resultaten 
zijn van groot belang voor de levensduur van een op grafeen gebaseerd 
pellicle. Afgaande op de intensiteit van de EUV-bron in ons systeem, 
kan voor een realistisch EUVL systeem met een gespecificeerde EUV-
intensiteit van 250 W/cm2 en een levensduur van 315 uur voor het 
pellicle een significante defectdichtheid verwacht worden. Deze 
defecten kunnen leiden tot bijvoorbeeld verlaagde thermische geleiding, 
mechanische sterkte of uniformiteit in de transmissie van het EUV-licht. 
 
In dit proefschrift zijn de twee bovengenoemde aspecten van 
deeltjescontaminatie in EUVL onderzocht. Dit heeft inzicht in de 
belangrijkste mechanismen opgeleverd en geeft daarnaast een startpunt 
voor de ontwikkeling van nieuwe materialen.  
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