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Summary 
Reticle side wall clamping 
 
Optical lithography has been the primary manufacturing technology for the integrated 
circuit or microchip for the past decades. In a chip, up to 40 layers of different materials 
are stacked to create billions of transistors. To create a layer, the critical step is to 
illuminate the pattern on a photomask or reticle onto a silicon wafer. The image on this 
mask is exposed on the wafer up to hundreds of times with a demagnification of a factor 
four. The current state of the art exposure tools are step-and-scan systems, use Deep 
Ultra-Violet light with a wavelength of 193 nm and a numerical aperture of 1.35. Most 
chip manufacturers have already navigated beyond the lithographic printing limits of 
these systems at around 40 nm by turning to double patterning techniques, where two 
exposure steps are used to produce a single layer of a chip. It is essential to keep 
production costs down by e.g. increasing wafer throughput. This can be acquired by 
increasing scanning speed and acceleration of the positioning stages. Meanwhile, the 
allowed alignment error of subsequent layers, called overlay error budget is decreasing 
with an accelerated rate. Therefore, contributors to the overlay error budget due to reticle 
slip, reticle clamping should decrease as well. This thesis addresses both the elimination 
of reticle slip as well as the reduction of non-correctable reticle deformation, while 
meeting clamping stiffness requirements.  
 
The reticle clamping concept investigated in this thesis allows for scanning accelerations 
of 400 m/s2. Reticle slip is eliminated entirely, by avoiding acceleration force transfer by 
means of friction. Instead of the conventional way of clamping the reticle on the lower 
area only, reticle side wall clamping was investigated. This reticle clamping concept was 
designed and realized, employing struts to kinematically constrain the reticle, minimizing 
the non-correctable reticle deformation. The struts clamping on the reticle side walls cope 
with the reticle side wall skewness and squareness tolerances by means of an aerostatic 
spherical joint at the head of the strut, using a ball diameter of 7 mm. During alignment 
toward the side walls, compressed air with a pressure of 3 bar is used to lift the ball out of 
the socket. The aerostatic spherical joint performance was proven with an air film height 
of about 5 micrometer at an air film preload of 4.5 N, with an air film stiffness of 340 
N/mm. In all struts, consistent performance of the spherical joint was achieved. The strut 
is made of Tungsten Carbide for high stiffness and includes elastic hinges to allow for 
differences in thermal expansion between the reticle and the chuck. Three contact pads 
are present on the flat side of the ball section of the spherical joint. A strut has a vacuum 
cup of 1 mm height, installed onto this ball section. This allows for a vacuum preload of 
the reticle contact of about 4 N. The compressed air required for the spherical joint and 
vacuum for the vacuum cup are provided from the distal end of the strut. The strut is 
modular and fits in a hole of no larger than 14.6 mm.  
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The clamping concept was validated in a test setup where the reticle was clamped in six 
degrees of freedom. The stiffness of the reticle clamp was validated in experiments and 
was shown to be 1.5*107 N/m in x-direction and 3.1*107 N/m in y-direction. Furthermore, 
the reticle clamping induced out-of-plane deformation was measured in the same test 
setup. A Twyman-Green type laser interferometer was used to measure the entire pattern 
area. This measurement was used to calculate the clamping induced in-plane deformation 
of the pattern. A reticle clamping induced in-plane error of 0.02 nm was the result, clearly 
showing the high potential of the reticle side wall clamping concept.  
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Samenvatting 
Reticle side wall clamping 
 
Optische lithografie is al tientallen jaren de belangrijkste productietechnologie om 
microchips te maken. Een microchip bestaat uit tot 40 opeengestapelde lagen van 
verschillende materialen, die samen miljarden transistoren vormen. De kritische stap om 
een dergelijke laag te produceren is de belichtingsstap, waarin het patroon van een 
fotomasker of reticle vier maal verkleind wordt geprojecteerd op een silicium schijf, de 
“wafer”. Dit gebeurt tot honderden keren om zodoende de gehele wafer te beschrijven. De 
huidige meest geavanceerde belichtingsmachines, of step-and-scan systemen, gebruiken 
diep ultraviolet licht met een golflengte van 193 nanometer (nm) en een numerieke 
apertuur van 1.35. De meeste chip-producenten produceren hiermee lijnbreedtes  kleiner 
dan 40 nm, voorbij de lithografische resolutie-limiet. Dit wordt bereikt met behulp van de 
zogenaamde double-patterning techniek, waar een dubbel aantal belichtingsstappen wordt 
gebruikt om de kritische laag in een chip te produceren. 
Om productie kosten bij deze productietechnieken acceptabel te houden, is het nodig om 
bijvoorbeeld wafer doorvoer te vergroten. Dit wordt bereikt door het verhogen van 
snelheid en versnelling van de positioneer-modules. De laatste jaren wordt de toelaatbare 
uitlijnfout (overlay) tussen de verschillende lagen in de chip versneld kleiner. Overlay 
fouten als gevolg van reticle slip en reticle clamping moeten daarom ook steeds verder 
worden gereduceerd. Dit proefschrift beschrijft het onderzoek naar een nieuw reticle 
clamping concept, waarbij reticle slip wordt geëlimineerd, terwijl de niet-corrigeerbare 
vervorming van het reticle wordt verkleind. Tegelijk is er ontworpen voor een hoge 
benodigde clamp-stijfheid.  
 
Het onderzochte reticle clamping concept is geschikt om het reticle te versnellen met 400 
m/s2. Reticle slip wordt geëlimineerd door het voorkomen van doorleiding van 
versnellingskrachten met behulp van wrijving. Waar conventionele reticle clamping wordt 
bereikt door het reticle vast te zuigen op alleen het ondervlak, is voor dit proefschrift 
onderzoek gedaan naar clamping op de zijkanten van het reticle. Dit clamping concept is 
uitgewerkt tot een gerealiseerd ontwerp. Er wordt gebruik gemaakt van sprieten om het 
reticle kinematisch vast te leggen ten opzichte van een frame (chuck). Hierdoor wordt de 
niet-corrigeerbare reticle vervorming geminimaliseerd. De sprieten zijn ontworpen om 
vlakheids- en rechtheidsfouten van de zijkanten te absorberen met behulp van een sferisch 
luchtlager in de kop van de spriet, waar een kogeldiameter van 7 millimeter (mm) is 
gebruikt. Ten behoeve van hysterese-arme uitlijning van de sprieten naar de zijkanten van 
het reticle wordt perslucht van 3 bar gebruikt om de kogel op een luchtfilm te laten 
zweven. De prestatie van het zo gecreëerde luchtlager is in elke spriet consistent gebleken 
met een luchtfilmhoogte van ongeveer 5 micrometer bij een luchtfilm-voorspanning van 
ongeveer 4.5 Newton (N) en een stijfheid van 340 N/mm. Elke spriet, bedoeld voor 
clamping op de zijwand is gemaakt van wolfraamcarbide om hoge stijfheid te realiseren. 
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Er is gebruik gemaakt van elastische scharnieren om verschillen van thermische uitzetting 
tussen reticle en chuck op te vangen. Op het vlakke deel van de kogel-sectie van het 
sferisch lager zitten drie contactvlakken waarmee contact wordt gemaakt met het reticle. 
De zuignap heeft een hoogte van 1 mm en bevindt zich op de kogel-sectie. De zuignap 
realiseert een vacuum voorspanning van het contact tussen spriet en reticle van 4 N. De 
perslucht benodigd voor het sferisch lager en het vacuum voor de zuignap wordt 
toegevoerd vanaf de achterkant van de spriet. Elke spriet is modulair en past in een gat 
van 14.6 mm. 
 
Het onderzochte clamping concept is getest in een testopstelling waar het reticle in 6 
graden van vrijheid kinematisch geclamped is. De stijfheid van de reticle clamp is 
gemeten in experimenten en is 1.5*107 N/m in x-richting en 3.1*107 N/m in y-richting. 
Bovendien is de uit-het-vlak vervorming gemeten die wordt veroorzaakt door de reticle 
clamp. Een Twyman-Green laser interferometer is gebruikt om het gehele patroon-vlak 
van het reticle te meten. De meetresultaten zijn gebruikt om de in-het-vlak vervormingen 
te berekenen. Deze vervorming is 0.02 nm en toont krachtig het grote potentieel van het 
gerealiseerd reticle side wall clamping concept.  
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Abbreviations, Acronyms 
 
ANSYS  company providing finite element simulation software  
ArF  Argon-Fluor: excimer lasers for exposure step in lithography tools 
CD  critical dimension: smallest linewidth exposed in IC 
CAD  Computer Aided Design 
CNC  Computerized Numerical Control 
CMOS Complementary metal-oxide-semiconductor: technology for constructing 

IC’s 
CPU  Central Processing Unit 
DMG  Manufacturer of grinding machines 
DoF  Degree of freedom 
DPT  Double Patterning Techniques: one layer is created with two exposure 

steps 
DRAM  Dynamic random-acces memory 
DUV  Deep UltraViolet; invisible light used to expose wafers in high volume 

lithography tools 
EPC  Equipment and Prototype Center of the TU/e 
EDM  Electrical Discharge Machining 
EUV Extreme UltraViolet; invisible light close to Rontgen radiation 
EUVL Lithography using extreme ultraviolet radiation of 13.5 nm for the 

exposure of silicon wafers. It is considered the most likely successor of 
DUV for high volume lithography exposure of wafers. 

FEA  Finite Element Analysis 
FEM  Finite Element Model 
Half pitch Half the distance between identical features of a memory cell 
HV  Vickers hardness 
IC   Integrated circuit also known as micro chip  
iHOPC  Intrafield Higher Order Process Correction  
KrF  Krypton-fluorine: excimer lasers for exposure step in lithography 
MMO Multi Machine Overlay: alignment error in an IC due to lithography 

difference in processes between subsequent layers. 
MATLAB software from Mathworks® for technical computation 
MEEF  Mask Error Enhancement Factor 
Mo-Si Molybdenum-Silicon: abbreviation for multi-layer mirrors to reflect 

EUV radiation 
MRI  Magnetic resonance imaging 
NA  Numerical Aperture 
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NAND   Not-and; referring to flash memory: non-volatile computer storage 
NCE  Non Correctable Error in the reticle pattern 
nm  nanometer, a fraction of a meter, a mm divided in 1 million equal parts 
NX  computer aided design and manufacturing software, formerly UGS 
OPC  Optical Proximity Correction 
PMOS  P-type metal oxide semiconductor logic: type of transistor, used in 
CMOS  Complementary metal-oxide-semiconductor 
PC  personal computer 
P-V  peak to valley 
RS  Reticle stage 
RSSS  Short stroke reticle stage 
RSC  reticle shape correction 
RMS  root mean square 
SEM   Scanning electron microscopy 
SEMI Semiconductor Equipment and Materials International: sets 

specifications and standards for the semiconductor industry 
SiC Silicon Carbide, ceramic material 
SMO  Single Machine Overlay 
SPJ  Spherical Joint 
SSRS  short stroke reticle stage 
TEM   transmission electron microscopy 
TU/e  Eindhoven University of Technology  
TWINSCAN brand name of wafer scanner of ASML. It gets its name from the dual 

wafer stage. 
ULE Ultra Low thermal Expansion (ULE), material commonly used in 

semiconductor industry for optics. 
VCA  Voice coil actuator 
WS  Wafer stage 
 
 
 
 
Symbols 
x,y,z  Cartesian coordinate system 
Rz  Rotation around z-axis    
Rx  Rotation around x-axis 
Ry  Rotation around y-axis 
 
a  acceleration      m/s2 

ac  contact width      m 
A  area       m2 

b   width        m 
c  stiffness       N/m 
cd   coefficient of discharge         .. 
cp  specific heat capacity     J/kgK 
d  displacement      m 



Nomenclature vii 
 
 

 

D  diameter       m 
E  Young’s Modulus     Pa 
E*  equivalent Young’s Modulus    Pa 
f  frequency      Hz 
F  force, preload      N 
G  Shear modulus      Pa 
h   air gap height                        m 
hlig  elastic hinge ligament or dam    m 
i  index        .. 
j  index       .. 
k1  lithographic scaling factor    .. 
l,L  (contact) length      m 
m  mass       kg 
p  pressure       Pa 
P  force       N 
Q   flow rate within air bearing    m3/s 
R  Radius       m 
Rgas   gasconstant                           J/mol/K 
t  elastic hinge width     m 
T  temperature                           K 
 
α     coefficient of thermal expansion    μm/mK 
γ   specific heat ratio of air          .. 
δ  compression of a contact     m 
Δx  difference in e.g. temperature or displacement  m 
λ  wavelength      m 
λT   thermal conductivity     W/mK 
μ  friction coefficient     .. 
ν  Poisson’s ratio      .. 
ρ  density       kg/m3 
Θ  angle       rad 
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Chapter 1: Introduction 
 
Optical lithography has been the primary manufacturing technology for the integrated 
circuit (IC) for the past decades. An introduction of the production process of an IC is 
given, with a focus on the optical microlithography exposure process. A selection of the 
challenges is given for the current state of the art optical microlithography step-and-scan 
systems. As most IC manufacturers have already navigated beyond the lithographic 
printing limits by turning to double patterning techniques, increasing scanning speed and 
acceleration, while reducing overlay errors becomes increasingly important. Overlay 
error contributors include reticle slip, reticle clamping and reticle heating. A problem 
formulation and outline of the thesis is given at the end of this chapter. 

1.1 The Integrated Circuit: increasing complexity, 
decreasing costs 

 
In the last decades, few technologies have had such an impact on the way of life of people 
as the technology of (micro-) chips or integrated circuits (IC). An IC consists of a 
semiconductor device inhibiting a sequence of electronic components (e.g. transistors) 
allowing processing and storage of information. From its invention in 1958, the IC 
gradually entered the personal lives of people all over the world. Digital computing 
became widely available through the personal computer (PC) in the 1980’s. 
Communication between PC’s was introduced with the large scale introduction of the 
internet in the late 1980’s. From the 1990’s, large scale introduction of mobile phones and 
laptops allowed the first generations of people to communicate with large mobility from 
all over the world. In the 2000’s, mobile phones transformed into multifunctional devices 
allowing people to communicate in various ways. Connecting to the internet, Global 
Positioning System (GPS), sharing pictures, audio, video and navigation through cities 
became integrated within a single handheld device. At the time of writing, IC’s are 



2 Chapter 1: Introduction 
 

 

present in transportation systems, consumer electronics (e.g. tablet PC’s, smart TV’s, 
coffee machines, vacuum cleaners, portable audio and video devices etc.), healthcare 
products (lab-on-a-chip, MRI-scanners, medical robotics etc.) and manufacturing 
systems(e.g. CNC machining). Every day new products and applications are developed, 
utilizing increasing complexity and decreasing costs of the IC. 
The exponential increase in complexity of the IC follows a clear trend line, recognised 
and described by G.E. Moore. IC-manufacturers determine the number of electric 
components on a chip by minimizing the cost per electric component. Moore predicted 
that this ‘number of components per chip’ would double every year [48] and later to 
double every two years [47]. This trend has become known as Moore’s law, and has 
continued for decades. The trend is estimated best with a doubling of components every 
1.5 years. The economic value of Moore’s Law can be appreciated through the price 
deflation of a transistor. In 1954, 4 years before the invention of the IC, the average 
selling price of a transistor was $5.52. Fifty years later, this price had dropped to one 
billionth of a dollar [2]. To be able to visualize the astounding shrink of transistors in the 
current state of the art IC’s, the logic IC A5x used for an “Ipad3 4G” is shown below, It is 
produced with 45 nm node technology, which refers to the smallest feature size within the 
IC. In below figure, in the lower right corner, the stacking of layers can be clearly 
distinguished. The smallest features are present in the lower layers, whereas in the top 
layers, the connections to wiring are almost visible. 
 

 

Figure 1.1: Apple Inc. A5x logic IC; used in the Ipad3 4G. Released march 16th 2012; Dual core 
CPU, Quadcore GPU. Produced by Samsung Electronics. Cross sections released by 
www.chipworks.com. 
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x1000
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Figure 1.2: Intel: critical dimensions of the past few years. 

In Figure 1.2 the last three nodes used by Intel are shown, with SEM images of the 
smallest transistors. The right figure looks different, because the Ivy Bridge CPU uses a 
kind of 3-D architecture instead of previous versions, where all features of one transistor 
lie in one plane. This IC type is produced with 22 nm technology.  
Optical lithography has been the leading technology to produce IC’s on the scale needed 
to keep up with Moore’s law. 

1.2 High volume manufacturing of IC’s: optical 
lithography 

1.2.1 Optical lithography process 
 
To produce an IC by means of optical lithography, several process steps are involved. 
First, a photo mask or reticle is aligned with a round silicon substrate (wafer) prepared 
with photo resist. Light passes through the reticle containing patterns of transparent and 
non-transparent regions. Once exposed, this pattern will transform into (a part of) one 
layer of the IC. The pattern of the reticle is projected repeatedly onto the wafer. After 
exposure of the wafer, the wafer is exchanged with the next and the exposure process 
starts again. Each layer of an IC requires a different reticle. 
Step-and-scan lithography systems or simply lithography scanners have dominated the 
industry for the last 10 years. In this process, the reticle and wafer are scanned in a 
synchronized way through the optical path of a laser beam.  

45 nm 32 nm 22 nm
2007 2009 2011
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Figure 1.3: Process steps in optical lithography. 

When the end of the mask image field is reached, the wafer is stepped to the next 
position. The synchronized scanning starts again, in opposite direction. The pattern of the 
reticle is exposed onto the reticle with a demagnification factor, currently standing at 4. 
When the wafer is fully exposed, the photo resist is developed in the next process step. 
Further explanation and details of the step-and-scan process are presented in Section 1.3. 
 
The exposed photo resist is removed from the wafer. Areas unprotected by the photo 
resist are etched, followed by ion implantation. Removing the photo resist (ashing) is the 
last step in the cycle. Now the first (part of a) layer of the IC is produced. The wafer is 
introduced to the process steps again for the next layer. This is repeated up to 40 times 
[40]. Finally, when the IC’s on the wafer are finished, the IC’s are cut out of the wafer 
and can be prepared for integration in the end product such as laptops, cell phones, USB-
drives etcetera. One of the most critical steps in this process of manufacturing the IC is 
the exposure step by means of optical lithography. This exposure step is commonly 
known to be the main bottleneck when it comes to reducing the smallest feature size in an 
IC. 

1.2.2 Reducing feature size  
The smallest feature size or critical dimension (CD) to be exposed is governed by the 
Rayleigh equation: 
 
 

NA
k

CD 1λ=         (1.1) 

 
Critical dimension decreases proportionally with decreasing exposure wavelength (λ, nm). 
Lithography systems have progressed from blue wavelengths (436 nm) to UV (365 nm) to 
today’s excimer ArF lasers using deep ultraviolet (DUV) light of 193 nm. 
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coating
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Figure 1.4: Process steps in optical lithography double patterning [28]. 

In the meantime, projection tool numerical aperture (NA) has risen from 0.16 for the first 
scanners to 0.93 before immersion lithography was introduced around 2004. The latter 
technology resulted in an NA larger than 1. A ‘meniscus’ of water, between the lens and 
the wafer makes use of the higher index of refraction to increase resolution. NA values of 
1.35 are being applied in current state of the art lithography scanners [33], [40]. 
 
The term k1 was originally introduced to represent the quality of the resist process, but is 
nowadays also used for other resolution enhancement techniques. Multiple technologies 
for DUV systems, such as off-axis illumination, phase shift masks, Optical Proximity 
Correction (OPC) and double patterning (DPT) have been successfully introduced to 
decrease k1. Currently, the lowest k1 achieved is 0.25 for single exposure [28]. 
With k1 at 0.25, exposure wavelength at 193 nm and NA at 1.35, the minimum achievable 
CD is about 32-36 nm. In order to achieve a CD of 22 nm shown in Figure 1.2, double 
exposure techniques were used [9]. For these techniques, also called double patterning 
(DPT), two exposure steps are used to create one layer. Various methods of DPT have 
been developed, all presenting challenges. These challenges include more stringent 
overlay requirements, mask-to-mask matching, and need for higher productivity scanners 
[28]. 

EUV lithography as next generation lithography 
Replacement of optical lithography has been predicted for decades. In 1985 it was 
predicted to be replaced by x-ray lithography within 10 years [39]. However, up until the 
time of writing, optical lithography is unsurpassed in the cost per electric component 
when printing submicron features on semiconductor wafers [40]. Extreme Ultraviolet 
Lithography (EUVL) currently is the most promising technology [29] to be able to keep 
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decreasing CD as described by Moore’s law. With an exposure wavelength of 13.5 nm, an 
NA of 0.33, a k1 of 0.5, the achievable CD is 20 nm. By increasing NA and decreasing k1, 
even lower resolutions are achievable, even with single exposure [46]. One of the greatest 
advantages is the reduction of process steps to manufacture IC’s. However, EUVL has its 
challenges. For example, EUVL radiation is absorbed by all known materials, even by air. 
Therefore, exposure has to be performed in vacuum. Instead of lenses, only reflective 
optics (mirrors) can be used. Even so, maximum achievable reflectivity of the radiation 
on multilayer Mo-Si mirrors is no higher than about 0.7. A protective pellicle for the 
mask cannot be used for the same reason, significantly increasing contamination 
difficulties [12]. Photoresist sensitivity defines the energy of EUV radiation required to 
develop. The sensitivity reported [31] in 2012 was 16 mJ/cm2 for 16 nm features. Finally, 
a reliable EUVL source is needed with sufficient power to enable a cost effective power 
of >180 W [28]. End of Q2 2012, the leading EUVL source was able to support up to 20 
W of source power at 100 % duty cycle [6]. However, EUVL remains the candidate for 
replacing optical lithography. 

1.2.3 Optical lithography throughput: cost effectiveness 
 
In 1980, a lithography stepper would cost $ 500.000, while today’s scanners run well over 
$ 30 million. Because of increased wafer throughput, the equipment costs per square 
centimetre of processed silicon have roughly remained constant [41]. With tool costs 
running in the order of tens of millions, it’s easy to appreciate the importance of 
throughput. In [10], [13], the reticle stage accelerations have been reported shown in 
Figure 1.5.  

 
(a) 

 

(b)  
 

Figure 1.5: Reported and expected acceleration values of the reticle stage (a) and throughput 
in wafers per hour (with 96 exposures per wafer) of the ASML TWINSCAN and NXT 

platforms [26], [62].  
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In [26], the achieved throughput numbers are stated with their corresponding year. With 
EUVL not yet ready and multiple patterning currently being the most cost effective 
candidate to keeping up with Moore’s law in the short term, research and development is 
continuing, so throughput in optical lithography tools is likely to keep being increased for 
years to come. Amongst others, higher throughput can be acquired by increasing 
acceleration of the positioning stages. 

1.2.4 Alignment of subsequent layers: reducing overlay error 
 
“Overlay (nm)—Overlay is a vector component (in X and Y directions) quantity defined at every 
point on the wafer. It is the difference, O, between the vector position, P1, of a substrate 
geometry, and the vector position of the corresponding point, P2, in an overlaying pattern, 
which may consist of resist. O=P1-P2. The difference, O, is expressed in terms of vector 
components in the X and Y directions, and the value shown is three times the standard 
deviation of overlay values on the wafer” [28]. 
 
For modern IC’s, up to 40 layers of films of different materials are stacked on top of each 
other to create, connect and isolate transistors. Figure 1.1 shows that at the bottom of the 
cross section of the IC, the smallest details are present. It’s at these bottom layers where 
the transistors are located and the accuracy of alignment of subsequent layers is the most 
demanding. Until a few years ago, overlay requirements were valued at roughly 1/3 of the 
CD. Due to decreasing CD, the overlay budget decreased as well. In the past few years, 
this decrease in allowed overlay accelerated due to the introduction of DPT.  
 

 

 Figure 1.6: Process overlay requirement as function of half pitch. This is half the distance between 
two subsequent lines. It is used in a similar fashion as critical dimension (CD). 
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Figure 1.7: An example of overlay due to intrafield mask deformation [59]. 

As Figure 1.4 shows, multiple process steps are required for the production of a functional 
layer [29]. In Figure 1.6, this accelerated tightening of overlay error budget is clearly 
visible. Figure 1.7 shows an illustrative example of influence of uncorrected intrafield 
mask deformation leading to mask-to-mask overlay error in its worst case. Imagine a 
layer of an IC exposed with mask A and a second layer exposed with mask B. The 
alignment error of the subsequent layers is increased through deformation of both masks.  
 
To specify overlay requirements, an overlay error budget is required. Calibration and 
alignment errors contribute significantly to overlay, as well as errors originating from the 
optical column. Thermal errors are an increasing challenge with increasing throughput, as 
well as servo positioning errors and mechanical errors. Figure 1.8 shows a decomposition 
of the Single Machine Overlay (SMO). It is divided into various error sources, each with 
their allowed error [3]. In 2011, an SMO of below 3 nm was reported at 175 WPh [22]. In 
Section 2.1.2, the reticle clamping related overlay error budget target is derived. 
 
 

Figure 1.8: Single Machine Overlay error budget reduced over a factor 2 within 4 years [3], [22]. 
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1.3 Problem formulation  
Current state-of-the-art optical lithography scanners using 193nm wavelength lasers and 
numerical apertures of 1.35 have reached fundamental imaging limits of 40-45nm (half-
pitch). Yet, consumer demands and device trends continue to drive smaller feature sizes, 
and most IC manufacturers have already navigated beyond the lithographic printing limits 
by turning to double patterning techniques [9]. Requiring an extra lithography step for 
these techniques, it is essential to keep costs down by e.g. increasing wafer throughput. 
Amongst others, higher throughput can be acquired by increasing acceleration of the 
positioning stages.  

1.3.1 Increase in stage accelerations towards 400 m/s2 
 
As shown in Figure 1.3, the wafer consists of multiple IC’s. To expose the entire wafer, 
the stage carrying the wafer positions it in a plane underneath the optical path of the 
projection optics. In Figure 1.9, the wafer stage and reticle stage are shown. The 
projection optics between reticle and wafer consists of a large complex array of lenses 
[60]. Contrary to the planar positioning of the wafer stage, the reticle stage only scans in a 
linear motion, in the y-direction. The reticle pattern is projected onto the wafer with a 
demagnification of a factor four. Therefore, the scanning velocity of the reticle is four 
times higher than the velocity of the wafer. In Figure 1.9 on the right, the reticle stage 
concept is shown. A reticle is clamped on a short stroke reticle stage (SSRS) which is 
accelerated by a long stroke. The long stroke is accelerated by commutating actuators, 
with a stroke of up to 1 meter, but with a positioning accuracy of tens of nanometres. The 
SSRS is actuated by Lorentz actuators, capable of strokes no larger than 1 mm, but with 
sub-nm servo control accuracy. 
 

 
Figure 1.9: scanning wafer stage, reticle stage and projection optics. 
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Figure 1.10: Future acceleration phase of the reticle stage, maximum acceleration of 400 m/s2. 

The maximum reticle stage acceleration has a major influence on the design of the reticle 
stage, and was set to 400 m/s2 for this thesis. The acceleration phase is shown in Figure 
1.10. It is a 4th order trajectory setpoint (applying a jerk (5.6*104 m/s3) and snap (7.8*106 
m/s4)). Around 0.015 sec, the maximum acceleration is achieved, to be lowered to zero at 
0.03 sec. The last few milliseconds of this phase are known as settling time, e.g. between  
t = 0.027 and 0.03 sec. In this period, the disturbance forces resulting from the 
acceleration phase have (almost) vanished and servo control minimizes the positioning 
error of the stage. Next, the exposure of the wafer begins, with a constant scanning 
velocity. 

1.3.2 State-of-the-art reticle clamping concept 
One of the constraining technologies to increase the reticle stage acceleration towards the 
targeted 400 m/s2 is the current reticle clamping concept. 

 

Figure 1.11: Reticle and state of the art clamping.
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The concept of state-of-the-art reticle clamping is shown in Figure 1.11. Reticle clamping 
known in literature [32], [19], [54], [70] consists of a membrane constraining the reticles 
in-plane degrees of freedom, or x, y and Rz. Three spot-size supports constrain the 
remaining degrees of freedom, z, Rx and Ry.  

1.3.3 Limits of reticle acceleration 
 
The limit of acceleration with this concept is dependent on the clamping area Aclamp (≤585 
mm2, lower plane), the pressure difference pclamp of ≤ 0.75 bar and the achievable friction 
coefficient μ (≤ 0.25). Over the past decade, a large increase in reticle stage accelerations 
have been achieved, from 54 m/s2 in 2003 to 150 m/s2 in 2012 [13]. These increases in 
maximum accelerations already cause significant reticle slip. Enabling technologies like 
‘shaking in of the reticle’ during docking procedure and increased clamping area made 
this possible. These improvements continue to prolong the life of the clamping state of the 
art, and can be found in various applied patents [11], [16], [23]. Concepts to clamp from 
both planes of the reticle have been patented [44], although not realized in high end 
lithography scanners. Further investigations included an increasing friction coefficient 
[17]. Theoretically, the limit of acceleration with current state-of-the-art reticle clamping 
is calculated as follows: 
 

alimit,current =
⋅⋅

=
reticle

clampclamp

m
μpA

320 m/s2     (1.2) 

 
Areas reserved for all patterns except the image field pattern are included in Aclamp. It also 
takes into account the “wide reticle clamps to support higher accelerations” introduced in 
Q1 2012 [26]. Despite such improvements, increases in maximum accelerations already 
cause significant reticle slip [11]. According to some, acceleration limits of the current 
concept could already be reached at 150 m/s2 [66], [16] which is the maximum target of 
current reticle stage in the ASML NXT 1950i [10]. A concept to constrain the reticle by 
means of an air-film instead of with physical contacts has been investigated [69].  

1.3.4 Reticle clamping induced overlay error 
 

Another limitation is nano- or micro-slip inducing pattern deformation. Due to 
accelerations, stick-slip fronts develop on the contact surface of the reticle and its clamp. 
This results in distortion of the reticle pattern. Furthermore, as throughput increases, 
thermal heat load increasingly causes the reticle to expand. With large clamping areas, the 
reticle is prone to deform unpredictably. It causes hysteresis from acceleration forces and 
thermal expansion, which both increase with increasing throughput. This reduces overlay 
performance [26]. 
 
It can be concluded that the target of 400 m/s2 will not be achieved without a new reticle 
clamping concept. Moreover, the new reticle concept should decrease the reticle clamping 
overlay contribution significantly. 
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1.4 Next generation reticle clamping 
 
Progress in semiconductor manufacturing motivated the research work described in this 
thesis. The high accelerations associated with high production rates of high performance 
high-precision optical microlithography systems induce non-correctable deformation of 
the reticle due to clamping and the acceleration forces. 
 
In this thesis, a reticle clamping concept was investigated to avoid unpredictable 
deformation due to acceleration force transfer via friction. The concept is shown to be 
suitable for accelerations larger than 400 m/s2 entirely eliminating reticle slip, whilst 
meeting specifications for reducing the reticle clamping induced pattern deformation to 
less than 0.28 nm (wafer stage level) and comprising high clamp stiffness. In Chapter 2, 
design requirements and boundary conditions are summarized. The design concept is 
introduced. In Chapter 3, the design, realization and assembly of the clamping struts is 
elaborated upon. In Chapter 4, the tests of the reticle clamping strut prototypes are 
presented. In Chapter 5, the reticle docking test setup is presented and in Chapter 6, the 
performance validation can be found. Finally, in Chapter 7, conclusions and 
recommendations will be given.  
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Chapter 2: Design requirements and design 
concept 

 
 
The main requirements for a short stroke reticle stage (SSRS) for high accelerations are 
explained. Overlay targets are used to derive static and dynamic requirements, i.e. reticle 
distortion and allowed natural mechanical frequency. With a mass target for the SSRS, 
the resulting trade-off for reticle clamping and acceleration concepts is explained. To 
avoid unpredictable deformation due to friction based acceleration, reticle side wall 
clamping is introduced. Feasibility of the preferred strut-based reticle side wall clamping 
and acceleration concept is quantified by means of simulation results showing the amount 
of in-plane reticle distortion due to clamping forces and thermal load. 

2.1 Requirements and boundary conditions 

2.1.1 Reticle definition and tolerances  
 
A transmissive reticle for optical microlithography is a quartz (fused silica) plate of 6 x 6 
x 0.25 inch or 152.4 x 152.4 x 6.35 mm. In a production environment, a chromium image 
of (part of) a layer of an IC is located on the lower plane. This image is protected by a 
pellicle, to keep dust particles at out-of-focus distance with respect to the image plane. 
For correct operation, other reticle patterns with special characteristics are necessary on 
each reticle. These are printed outside the image field. These include among others: 
reticle prealignment marks, marks for reticle shape correction and bar codes to identify 
the reticle [32]. When the reticle deforms, the image on the reticle also deforms. 
Deformation of the reticle due to heating caused by DUV light being absorbed by the 
image is a significant challenge.  
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Figure 2.1: Reticle: a quartz plate with on it the pattern of (part of a) layer of the IC. 

Semiconductor Equipment and Materials International (SEMI) is an organisation that sets 
the specifications and standards for reticle suppliers [61]. The reticle clamping concept 
described in this thesis should be able to handle all 6 inch transmissive reticles within the 
scope of these specifications.  
 

Table 2-1: Reticle properties with tolerances [61]. 

 

 
Tolerances on the reticle dimensions and reticle side wall tolerances prove to be very 
influential to the clamping design. No specifications on the waviness of the reticle 
sidewalls and squareness in the x-z plane are provided by SEMI, so measurements have 
been performed. Reticle sidewall surface measurements with a coordinate measurement 
machine showed significant waviness (P-V > 20 μm/50mm) and unflatness. Furthermore 
a squareness error of 2.8 mrad of the reticle sidewalls with respect to the lower plane was 
measured.  
 
In the remainder of this document, the image field is simply referred to as pattern.  

x

y
reticle

pattern
area z y

x

Mass reticle max  0.319±0.005 kg 
Length , Width  152 ±0.4  mm 

Thickness  6.35±0.1 mm 
Max edge chamfer  0.6 mm x 45° 
In-plane squareness  π/2 ± 0.002  rad 
Side wall squareness π/2 ± 0.003  rad 

Mass pellicle  0.021-0.0235 kg 
Size image(pattern, full field)  104 x 132 mm2 

αquartz  0 ±0.55 µm/mK 
Youngs Modulus quartz  67-74 GPa  

Poisson’s ratio quartz 0.16-0.19 .. 
Density quartz  2180-2200 kg/m3 
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2.1.2  Reticle pattern deformation  
Because the reticle pattern includes all information of (part of) a layer of an IC, it is 
important that this pattern deforms as little as possible. Exposure tool suppliers developed 
algorithms to achieve tighter process overlay control by reducing systematic higher order 
errors. Part of the reticle deformation is systematic and therefore correctable. These 
algorithms called Gridmapper were first featured in ASML TWINSCAN XT: 1900i 
scanners [25]. Nowadays Gridmapper Intrafield Higher Order Process Correction 
(iHOPC) is commonly used. In Section 6.3.4, iHOPC is further explained. Amongst 
others, non correctable reticle clamping induced pattern deformation or non correctable 
error (NCE) is a contributor to the overlay error budget. For this thesis, a requirement was 
specified for clamping induced overlay error contribution of < 0.28 nm.   

2.1.3 Focus  
Focus plays an increasingly important role when exposing features near the fundamental 
imaging limits. Focus budget currently stands at 80 nm [27]. Reticle Shape Correction 
(RSC) is featured in the high end lithography scanners. It allows focus compensation of 
distortions from the reticle on the reticle stage [34]. Although a requirement for the reticle 
clamping induced focus error contribution was not set, the aim is a clamping induced 
focus error contribution of <2 nm on wafer stage level. A focus error of 10 nm on reticle 
stage (RS) level can roughly be assumed to result in a focus error of 1 nm on wafer stage 
level (WS) [4]. 

2.1.4 Stage acceleration targets  
 
An acceleration of 400 m/s2 is required somewhere within the next ten years, when 
extrapolating the reticle stage acceleration trend shown in Figure 1.5. Therefore, this 
acceleration was set a target for this thesis. 

2.1.5 Short stroke reticle stage dynamics 
 
A summary of the requirements influencing the required dynamics of the SSRS is shown 
below. 
 
 

Table 2-2: requirements set by ASML influencing stage dynamics. 

 

Reticle acceleration 400 m/s2 
Closed loop control bandwidth x, y  > 400 Hz 

Mass SSRS including reticle 2 Kg 
Undamped natural frequencies of short stroke reticle >2000 Hz 
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First of all, the clamping induced overlay contribution of << 0.28 nm primarily 
determines the shape of the reticle clamp. This naturally affects the reticle stage 
dynamics. However, for a short stroke reticle stage of two kg, the in-plane closed loop 
control bandwidth should lie above 400 Hz. As a rule of thumb, undamped natural 
frequencies of the reticle stage should occur at a factor 5 of this bandwidth, so over 2000 
Hz. 

2.2 Reticle side wall concepts 

2.2.1 Side wall acceleration concept trade off: active vs. passive  
 
To both accelerate and clamp the reticle via the side walls in both y-directions, a few 
concepts can be distinguished. Avoiding unpredictable detachment of the reticle from the 
clamp is required. Furthermore, contact preload between reticle and clamp is necessary if 
physical contact is made. If detachment due to acceleration forces of the reticle is to be 
avoided at all times, a preload is necessary, which is larger than the acceleration force. 
However, compression of the reticle during exposure is only accepted, if a uniform 
preload around the perimeter of the reticle is created, corrected by means of adapting the 
magnification by the projection optics. This concept is shown in Figure 2.2 (a). 
Compression of the reticle in the y-direction can also be allowed as long as it is eliminated 
when illumination of the reticle occurs, yielding a clamping concept with actively 
controlled preload. Two variations on this concept are shown in Figure 2.2 (b) and (c). 
The concept using uniform compressive preload is shown in Figure 2.2 (a). Every arrow 
represents a force. With a growing number of forces exerted on each side wall, the reticle 
is increasingly uniformly compressed. With a reticle mass of 0.34 kg and accelerations of 
up to 400 m/s2, the total compression force would amount to 140 N. The introduction of 
this force on each reticle side wall could be realized through struts arranged in wiffle tree 
like structures, or through rubber strips. The second concept of a periodically varying 
preload is shown in Figure 2.2 (b). In-plane struts allow for a stiff and predictable way of 
clamping the reticle. Periodically applied compressed gas projected on one side of the 
reticle creates the preload force when necessary. With a gas pressure of 5 bar, two pads of 
40 x 5 mm would be sufficient to deliver 200 N. This corresponds with an acceleration of 
the reticle of 625 m/s2. Because a gas-film stiffness is not required, the gas film-height is 
not critical. Deformation of the reticle due to this preload disappears when the pressure is 
reduced to 0 bar. This reduction should happen gradually (preferably a 4th order profile) to 
minimize excitement of the reticle clamp’s in-plane modes. Furthermore, temperature 
control of the compressed air is required to prevent thermal gradients within the reticle. 
Preload of the vacuum cups shown in Figure 2.3 is sufficient to allow for control forces 
smaller than 2N, providing 4N of vacuum force per vacuum cup can be reached. Another 
way would be to use two extra struts and a small third body (Figure 2.2 (c)) in which an 
actuator is placed. This actuator should be able to accelerate its own translator and the 
reticle.  Although the concept of uniform compression appears feasible, creating a truly 
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uniform compression is considered challenging due to side wall tolerances, explained in 
Section 2.1.1. Although maybe small, disturbance forces due to these tolerances will 
deform the reticle. This deformation is likely to be of higher order, which has adverse 
effects on reticle deformation. Moreover, the concept may result in a heavy and 
voluminous clamping design. Due to its inherently lower order deformation, kinematic 
clamping (explained in the next paragraph) is beneficial to minimize reticle deformation 
and is therefore chosen as preferred design concept. 

 

(a)                                        (b)                                       (c) 
Figure 2.2: Reticle clamping concepts: uniform compression (a), struts with varying preload(b), 

struts with actuator body for time varying preload. 

 

2.2.2 Kinematic reticle side wall clamping 
Kinematic design means constraining exactly the right number of degrees of freedom 
(DoF). Consider a short stroke chuck to retain a reticle, as shown in Figure 2.3. If a body, 
in this case the reticle is constrained in more than six ways it will be subject to internal 
stress and will become strained or distorted [45]. Therefore, the clamping of the reticle 
consists of six struts each constraining exactly one DoF: three translations and three 
rotations. Some kinematic reticle clamping concepts already exist [36], [67].  
However, one of the greatest unsolved challenges in achieving a predictable side wall 
clamping design is how to absorb side wall and reticle length tolerances, stated in Section 
2.1.1.  
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Figure 2.3: Clamping concept using the reticle side walls. (a) concept with 3 struts and (b) x-
strut with spherical joint to absorb side wall tolerances and x and z-strut with vacuum cup to 

clamp reticle. 

In Figure 2.3 (b), a squareness-error on the reticle side wall is shown. While elastic hinges 
in the struts could be used to absorb these tolerances, the main disadvantage would be that 
a torque would be introduced into the reticle to keep the elastic hinge in its strained 
position. This would cause local pattern deformation. Furthermore, to deform sufficiently, 
the hinge would have to become so thin, that clamp stiffness would become too low. 
Therefore an aerostatic spherical joint was included in the strut. This way, a low 
hysteresis alignment mechanism was created. Only during alignment, a torque is 
introduced into the reticle. Once aligned, the ball section is allowed to physically land into 
the socket, by turning the compressed air off.  

 
Figure 2.4: forces associated with the acceleration concept for kinematic side wall clamping. 
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The reticle is clamped with a force of 4 N vacuum preload per strut. This means the struts 
can only pull on the reticle with small forces (e.g. 2 N). However, acceleration forces of 
the reticle in both positive and negative y-direction amount to 140 N. The preload body of 
Figure 2.4 enables both back and forth acceleration. The actuator body receives its y and 
Rz DoFs from the reticle via the struts, while the remaining 4 actuator body DoFs are 
provided by the chuck. Two y-struts were chosen because the largest accelerations occur 
in the y-direction. The x-locations of the y-struts with respect to the reticle are determined 
by three factors. To avoid deformation of the pattern, the struts are placed as far from it as 
possible. The y-location of the x-strut intersects with the symmetry-axis of the reticle for 
beneficial dynamic behaviour of the reticle in the x-direction. For each strut involved, 
low-hysteresis elastic hinges are included into the struts, to allow for compliance in all 
directions but the axial direction.  

2.3 Design overview 

  

Figure 2.5: Strut design overview.
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The design of the clamping struts is the focus of Chapter 3. Testing results of the single 
struts are presented in Chapter 4. Figure 2.6 gives an overview of the realized test setup 
for testing of reticle clamping, the resulting clamping induced pattern deformation and the 
reticle clamp stiffness. This is the subject of Chapter 5 and 6. 
 
 
 

 

  
Figure 2.6: Reticle clamping test setup for reticle clamping induced pattern deformation and 

clamp stiffness. 
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Below, the overview of the concept and design of the principle of actuation of the short 
stroke reticle stage with preload body is shown. This concept is further explained in 
Appendix G. 
 
 
 

 

Figure 2.7: Exploded view of the short stroke reticle stage with preload body. 
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Chapter 3: Clamping design and realization 
 
First the concept feasibility is investigated. Pattern deformation is targeted to be 
significantly lower than 0.28 nm for the nominal clamping condition. A thermal analysis 
was performed. An overview of the functionalities and design of the in-plane struts to 
connect to the reticle side walls is given. An aerostatic spherical joint was designed to 
absorb reticle side wall tolerances. The vacuum cup is attached to the ball section of this 
joint, to benefit from the alignment to the side walls. Preload of the air gap and vacuum 
channelling is realized through thin walled tubing. Because stiffness is one of the key 
performance indicators, the strut is made from tungsten carbide. Decoupling is achieved 
through elastic hinges to absorb thermal expansion differences between the short stroke 
reticle stage chuck and the reticle. For the x-strut, centre of mass placement is essential 
to minimize inertial forces between reticle and strut due to accelerations of the stage. A 
manifold brings the channelling from the back of the strut towards the outside diameter of 
the strut to minimize the strut length. For the out-of-plane struts, height is limited to 15 
mm. Because the lower surface of the reticle is flat, no spherical joints are necessary for 
these struts.  

3.1 Concept feasibility analysis 
Before going into detail with the clamping design, it was investigated by means of a finite 
element analysis (FEA) to what extent the proposed side wall clamping configuration 
would deform the reticle.  

3.1.1 Finite Element model 
 
As was stated in Section 1.2.4, it is mandatory that the reticle pattern deformation remains 
less than 0.28 nm on wafer stage level (WS). To estimate the performance of the proposed 
clamping concept, a structural FEA in ANSYS® was performed.  
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Figure 3.1: Discretization for FEA of reticle deformation. In (a), the spatial view is shown, top view 
in (b) and a close up of the mesh at the contacts of the x-strut is shown in (c). 

In this paragraph, the analysis is explained. The analysis comprises nominal clamping 
boundary conditions, as well as the influence of thermal expansion. The analysis 
comprises the clamping concept explained in Section 2.2.2. The FEA with the boundary 
conditions applied, is shown first. It was performed using ANSYS® 12.1.0, using 
structural models. Material properties can be found in Appendix A. A model was created 
in NX 5.0.6.3. This model was imported in ANSYS® Workbench in which the boundary 
conditions were applied. Unless otherwise stated, 3D elements and a static structural 
solver were used. The FEA model to simulate in-plane deformation of the reticle pattern 
is shown below. The reticle, z-struts and in-plane contacts consist of 3D elements. The 
vacuum areas are 2D plate elements with a 2 μm thickness. This way, a uniform pressure 
can be applied on the reticle in the area of the vacuum cup. The shape and location of the 
contacts is explained in Section 3.3.1. 
The preload of the contacts between struts and reticle is simulated. The in-plane y-DoF is 
constrained at the contacts representing the y-struts and the x-DoF is constrained at the 
contacts representing the x-strut. The out-of-plane DoFs are constrained at the base of the 
z-struts. The mesh has been refined at the locations of the contacts. Element contact size 
(reticle to vacuum area) was set as 0.6 mm. Smoothing was set at “high”, Transition at 
“fast”. Rest of the meshing parameters remained at default. Towards the middle of the 
reticle, the element size is gradually increased. When analyzing the influence of thermal 
expansion, lateral forces are also exerted on the contacts representing the x and y-struts. 
The calculated deformation of the lower surface of the reticle is exported to a .txt ASCII 
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file and imported into MATLAB. A grid with equal intervals (griddata) is created and the 
values of the displacement of the mesh are interpolated onto this grid.  

3.1.2 Nominal clamping results 
 
The deformation is visualized by arrows, showing orientation and the magnitude of the 
deformation vectors.  

   

Figure 3.2: Deformation of the reticle at image plane (a) and  (b), detailed view of the deformation near 
the x-strut preload. 

 

Figure 3.3: View of non correctable deformation (NCE) of the pattern due to side wall clamping. 
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The magnitude of maximum deformation in the reticle pattern is computed by: 

⎟
⎠
⎞⎜

⎝
⎛ += 2

ji,
2

ji, yx ddmaxNCE , i=1-25; j=1-37    (3.1) 

 
Where  
dxi,j = x position of grid point (i,j), and 
dyi,j = y position of grid point (i,j). 
 
As can be seen in Figure 3.3, the NCE is less than 0.02 nm on wafer stage level (WS), 
which is small enough to be negligible. The optical column might allow for some 
corrections by means of simulation of adapting lens settings, but these corrections were 
not simulated, as they appear unnecessary. Concluding, the nominal preload of the 
clamping concept causes a deformation of the pattern with a maximum value of NCEnom 
<< 0.1 nm. This is well within specification and shows the principal feasibility. 

3.1.3 Thermal analysis 
 
As stated in Section 2.1.1, the material of a production reticle is quartz (fused silica). The 
struts are made of CTS30, a grade tungsten carbide, with a Young’s Modulus of over 500 
GPa beneficial for the high stiffness (further explained in Appendix A). The material 
assumed for the SSRS chuck is SiC. Its density (ρ) of 3100 kg/m3 and Young’s Modulus 
(E) of 430 GPa, allows for a beneficial dynamic behaviour. 

 

Figure 3.4: Influence of thermal expansion differences absorbed by struts. 

Moreover, the volumetric thermal stability (α/(λT ρ cp)) is high, beneficial for uniform 
temperature. Although the thermal expansion is low relative to e.g. aluminium or steel, it 
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still significantly impacts the clamping concept. In Figure 3.4, the nominal (T = Tnom) and 
expanded (T = Tnom + ΔT) situation is shown of a frame with a higher coefficient of 
thermal expansion than that of the reticle.  
 

Tll Δ⋅⋅=Δ 0α         (3.2) 
 
Using equation 2.4, a first order estimate can be computed to assess the impact of thermal 
expansion on the NCE of the reticle. For example: 
 
Δx (strut y1) = ΔT (αCTS30 L2- αSiC L1)      (3.3) 
 
In above equation, αCTS30=5.7*10-6/K and αSiC =3.8 *10-6/K. The lateral stiffness of the 
strut in x-direction is assumed 0.08*106 N/m, and a temperature increase of ΔT = +2 K 
was assumed. Furthermore, L1 is estimated at 158 mm and L2 is an estimated 21 mm. This 
yields an exerted force in x-direction on the reticle of: 
 
Fx (strut y1) = cx (strut y1) Δx (strut y1) = 0.077 N    (3.4) 
 
This analysis was performed for all 3 in-plane struts and yielded the following pattern 
deformation.  
 

 

Figure 3.5: Pattern deformation due to thermal expansion of the frame. 

In Figure 3.5, x and y translations have been eliminated to yield the lowest pattern 
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process. It is shown that in the lower part of the pattern (-66 < y < -50 mm), a fraction of 
the expansion of the frame is clearly transferred into the reticle, while in the upper part of 
the pattern only a uniform translation is seen. The same can be observed on the far right 
side of the pattern (x = 52mm), where the lowest displacement vector points downward, 
while the middle and upper vectors are pointing slightly upward. As can be seen in above 
figure, also with a ΔT of 2 K, the pattern deformation is less than 0.1 nm on wafer stage 
level (WS), which is within specification. Also in this case lens setting corrections have 
not yet been used, as they appear unnecessary. From the presented thermal analysis can be 
concluded that the clamping concept allows for thermal expansion differences for a ΔT = 
2 K, while deformations of the reticle pattern remain within specification. For the lateral 
stiffness of the struts, 0.08*106 N/m was assumed, so this value was taken as a 
specification for the y-struts. For the x-strut, 0.2*106 N/m was specified. 

3.2 Overview strut design  
In Figure 3.6, a cutaway of the design of the x-strut is shown, with the sections in which 
the corresponding functionality is explained. Before focussing on the details of the strut 
design, the decomposition into the stiffness contributors is given.  
 

Figure 3.6: Overview of the x-strut with functionalities and corresponding paragraph. 
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3.3 Stiffness budget decomposition 
As shown in Section 2.1.5, the dynamic requirements for the short stroke reticle stage 
(SSRS) need to be taken into account carefully when designing the clamping struts. The 
first natural frequency of the SSRS should preferably occur above 2000 Hz, for a closed 
loop control bandwidth in the order of 400 Hz. To estimate the needed stiffness of the 
reticle side wall clamping cclamping, the SSRS was represented as two masses connected by 
a spring, where the first mass m1 is the SSRS without reticle. The second mass m2 is the 
reticle with mass 0.34 kg. With a total SSRS mass of 2 kg, m1 becomes m1 = 2 – m2 = 
1.66 kg.  

21

21

mm
mmm
+

=eq = 0.331 kg and π2mcf eqclampingnat =               (3.5) 

 
With above formulae, the minimum required stiffness of reticle to SSRS or cclamping can be 
calculated to be 4.45*107 N/m. It should be clear that each stiffness contributor should be 
considerably higher than overall stiffness cclamping. Decomposition into the different serial 
stiffness contributors could look like this: 

N/m10*4.45 7

reticlechuckstrutsjoint sphericalcontact
clamping =⎟

⎟
⎠

⎞
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⎝
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++++=

−1

c
1

c
1

c
1

c
1

c
1c      (3.6) 

 
From this model of the stiffness train, a stiffness budget was derived using rudimentary 
analyzes to assess feasibility of each stiffness value. 
 

Table 3-1: stiffness contributors 

 

 
In Table 3-1 the stiffness budget is shown resulting from first order estimates. As there 
are two y-struts, several stiffness values are multiplied with a factor two. In the following 
sections, the rudimentary calculations validating feasibility of the stiffness budget are 
given. In later sections, more detailed calculations are shown accompanying the design 
and realization. 

Stiffness  
contributor 

Stiffness  
x-strut (106 N/m) 

Stiffness  
y-strut (106 N/m) 

Term 

Contact with 
reticle 

200 2x 200 ccontact 

Spherical joint 450 2x 450 csphericaljoint 
Strut 110 2x 82 cstrut 

Chuck 600 2x 600 cchuck 
Reticle 234 266 creticle 
Total 44.5 70 ctotal 
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3.3.1 Contact stiffness with reticle 
Three line contacts were chosen to be able to align towards the reticle deterministically. 
Stability is enhanced by placing them as far as possible from the centre line of the strut. 
However, some space is required for the vacuum cup. This resulted in the configuration 
shown in Figure 3.7. This way, a deterministic contact of each strut with the reticle is 
achieved. Contact stiffness is related to the mechanical material properties of the 
materials in contact as follows: 
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2
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1
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1
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1

E
−
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≡

νν
* ;      (3.7) 

 
In above equation, E1, E2 and ν1, ν2 are the Young’s Modulus and Poisson’s ratio of the 
respective materials in contact. In this case, one of them is quartz of the reticle. Because 
stiffness is critical, GC10® (Ceratizit) was chosen as material of the contacts pads 
(hatched areas in Figure 3.7). The Young’s Modulus of 630 GPa is surpassed by only a 
few materials such as diamond. Line contacts with rounded edges are used, beneficial for 
high contact stiffness. The corresponding equations to estimate contact stiffness (dF/dδ) 
for line contacts with rounded edges are as follows [38]: 
 

];;
*

[ alFP
E
PR4a 2 >>==

π
      (3.8) 

{ ( )} 1al8861lEF −+= /ln.*
d
d π
δ

      (3.9) 

 
In above equation, a represents the contact width and l the contact length. P is the applied 
preload force, and R is the radius over the length of the contact. Contact stiffness is 
estimated at 2*108 N/m. The length of the contact should be as large as possible. 
 
 
 

 

Figure 3.7: Placement of the contacts on the reticle side wall around strut centreline. 
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3.3.2 Stiffness of the spherical joint 
 

 
Figure 3.8: Spherical joint concept with R2 > R1 and a preload force (Fpreload). 

In Figure 3.8, a spherical joint concept is shown. The ball section has a smaller radius 
than the radius of the socket [58]. Hertzian contact stiffness formulae were used for an 
analysis of the contact stiffness of the spherical joint. Stiffness (dF/dδ) as function of load 
F (or Fpreload) can be derived, for conform point contacts: 
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For the spherical joint, 3 point-contacts were assumed, all with 4.5/3 = 1.5 N preload. The 
equivalent radius was calculated with R1 = 3.5 mm, R2 = 3.5025 mm. Resulting contact 
stiffness is 4.80 * 108 N/m, within specification. 

Fpreloadcontact contact

R1 R2ball sectionsocket
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                     (a)                                            (b)                                          (c) 
 

Figure 3.9: Elastic hinge (a), (b) plate loaded by discrete force [58] and (c) a strut with hinges. 

3.3.3 Stiffness strut 
The stiffness of an elastic hinge can be represented as shown in Figure 3.9 (a). To 
rudimentarily estimate the stiffness of the clamping struts, a first order estimate of a strut 
with elastic hinges was computed. The full strut concept trade off and design can be found 
in Section 3.8.2 and 3.8.3. A concept of a strut with 4 hinges was used (Figure 3.9 (a) and 
(b)), using tungsten carbide with a Young’s Modulus of 600 GPa for the hinges. A hinge 
ligament (hlig) of 0.25 mm was taken, and a width (t) of 7 mm (which is the diameter of 
the strut). The diameter of the hinge is set at D = 2.5 mm. The stiffness for the four hinges 
in axial direction can now be calculated: 

Dh2

tEh
41c lig/hinges 4  direction,-x = =1.66*108 N/m    (3.11) 

 
With a strut length of 20 mm and a diameter of 7 mm, the stiffness of the strut becomes  
1.45*108 N/m. Some margin is available for material removal, which is shown in Section 
3.8.6.  

3.3.4 Stiffness of the chuck and reticle 
The stiffness of the chuck was estimated as follows: the chuck is assumed to be made out 
of SiC. Therefore, a Young’s Modulus of E = 410 GPa is used. Only a rudimentary 
estimation of the stiffness is made. Between the actuator and strut, an area of A = 75 mm2 
is taken, with a length of L = 50 mm. Assuming tensile load, the stiffness of EA/L is > 
6*108 N/m.  
For the reticle, when a uniform tensile load is assumed in x or y-direction, the reticle 
stiffness is 4.25*108 N/m. However, the reticle is not uniformly loaded, but by one strut in 
the x-direction and near the edges of the reticle by 2 struts in the y-direction. Therefore, 
the stiffness of the reticle should be calculated considering bending stresses. For the plate 
in Figure 3.9 (c), representative for the reticle loaded in y-direction, the stiffness is:  
 

elastic
hinge

strut
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( ){ } lEb252Gl57G881Etbc 223 /../.plate +=     (3.12) 
In above calculation for the y-direction, t is the thickness of the reticle, b is the width of 
the reticle divided by two, l is the reticles length and E and G are the Young’s Modulus 
and Shear Modulus of fused silica. Calculating the stiffness of the reticle in y-direction, 
the stiffness is an estimated 2.7*108 N/m. For the x-direction, with one x-strut in the 
centre, the stiffness was estimated 2.3*108 N/m. These stiffness values are found in the 
stiffness budget. 

3.4 Alignment and clamping concept 
As shown in Section 2.2.2 and in Figure 2.3, a spherical joint is incorporated on top of 
every strut interfacing with the reticle side walls. This way, reticle side wall tolerances are 
absorbed, while minimizing reticle deformation.  

 
Figure 3.10: spherical joint incorporated in in-plane clamping struts. 

An aerostatic spherical joint was investigated, to allow for a low hysteresis angular 
alignment of the ball section with respect to the reticle. The air-film is created by injecting 
compressed air through 4 orifices (2 are visible in Figure 3.11. The centre of the ball 
section is located in the plane of the three contacts.  
 

Figure 3.11: Strut head: spherical joint and vacuum cup. 
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(a)                                                                                    (b) 
Figure 3.12: Spherical joint with ball section floating on air-film (a) and ball section aligned and 

landed (b). 

After alignment, the ball section is locked in its orientation by decreasing the air pressure 
to atmospheric pressure. The reticle is positioned on a close distance from the contact 
pads. This way, when vacuum is created through the thin walled tube, the vacuum cup 
will be able to pull the reticle towards the contacts. Furthermore, a small distance between 
contacts and reticle will minimize collision forces, avoiding particle generation. 
When the reticle is about to make contact with the three contact areas on the ball section 
(in Figure 3.11 only two are visible), compressed air is forced through the orifices into the 
socket, oriented towards the centre of the ball section. The created air film prevents the 
ball section from making mechanical contact with the socket. This is shown in Figure 
3.12 (a). The ball section will align towards the reticle side wall until all three contact 
areas make contact with the reticle. With the ball section aligned, the vacuum cup will 
also be aligned. Due to the vacuum force already present, the reticle and ball section are 
pushed against each other. The air pressure of the aerostatic bearing is then lowered, 
allowing the ball section to make mechanical contact with the socket in aligned position. 
This aligned position is retained (locked) by the preload force applied through the thin 
walled tube. This situation is shown in Figure 3.12 (b). 

3.5 Spherical joint design 
Before realization and validation of the spherical joint, a model was created to predict air 
gap height, stiffness and preload for different ball diameters. In [35], [56], [63], [64], and 
[55] different models of spherical joints were documented, of which the latter best 
represents the required design. 

x

z
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3.5.1 Spherical aerostatic bearing model 
Calculation of parameters of the flow rate (Q), load capacity in direction θ = 0 (FN), 
supply pressure at inlet (Ps) and air gap height are required for design of a spherical air 
bearing.  

 
 

Figure 3.13: Trade-off used to determine ball diameter of 7 mm at 6 bar air-pressure. 

In [55], design guidelines are derived for spherical air bearings of the type as shown in 
Figure 3.12. The following results for different ball and socket diameters were found. Use 
of this analytical model is further explained in Appendix B. With this model, the values 
for Figure 3.13 were generated. Ball diameters of up to 8 mm were deemed feasible to 
incorporate into the strut. Using 6 bar of air pressure, a preload of FN > 3.2 N, and a ball 
diameter of 7 mm, the resulting gap height of 3 μm appeared to be small compared to air 
films of about 5 µm in commonly used larger aerostatic bearings. This poses challenges 
for the machining of the socket and ball. However, choosing a ball diameter of 8 mm 
would result in an equally larger diameter and squared larger mass of the strut at the far 
end. Therefore, a ball diameter of 7 mm was chosen. It was assumed that some safety 
margin was present in the fact that air-pressure could be increased up to 8 bar if desired. 
The resulting expected working point with performance variables is shown below.  
 

 

Table 3-2: Predicted working point of aerostatic spherical joint. 
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ball diameter 6mm
ball diameter 7mm
ball diameter 8mm
working point

Ball and socket diameter 7 mm 
Solid angle  4.13 sr 

Supply pressure  6 bar 
Air film height 3 µm 

Diameter orifice 0.2 mm 
Preload force 3.2 N 

Air film stiffness  1*106 N/ m 
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3.5.2 Spherical joint realization  
To validate the used model and to identify potential risks, test sockets were realized.  

Figure 3.14: Test socket of a spherical joint (version of Figure 3.16 (c). 

The final design of a test-socket is shown in above figure. To avoid interference with the 
hinges to be added in the strut design (see Section 3.8.3), four orifices were used. One 
distribution channel is used for two orifices. Four grooves divide the socket into quadrants 
to attain aerostatic stiffness perpendicular to the axial preload direction. Preload of the 
aerostatic bearing is realized via a thin rod through the centre hole.  
Test sockets were realized to validate the functionality of the design. Different materials 
and machining technologies were used to optimize functionality. To assess feasibility 
first, an aluminium socket was realized. Into solid aluminium, a hardened steel ball was 
pressed, using lubricant. This way, a shiny socket area was achieved. After milling the 
perimeter to the desired diameter, channels were created by electrical discharge 
machining (EDM). The four grooves were created by a dedicated EDM-die. The orifices 
(D = 0.2 mm) were drilled. Finally, the distribution channels were machined by EDM. 
The ball used to create the socket is preferred to be used in the corresponding socket. 
 

 
Figure 3.15: Aluminium socket after pressing by a hardened steel ball. 
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                     (a)                                            (b)                                       (c) 

Figure 3.16: Types of sockets realized: (a) Aluminium (1x); (b) WC88-Co12, socket machined by 
die-sinking-EDM (2x); (c) WC88-Co12, ground socket (4x) (ball section also visible). 

With feasibility demonstrated for the aluminium socket (see Section 3.5.3), tungsten 
carbide sockets were produced. For the tungsten carbide socket produced with die-sinking 
EDM, 5 dies were necessary to create a single socket. Three tungsten carbide sockets of 
this type were realized and tested, of which two test-sockets and one socket were 
implemented in a strut assembly. Production of the dies and machining of the socket 
proved time-consuming and costly but possible. The orifices and distribution channels 
were machined with EDM. To determine the dimension of the socket, the diameter of 
each of 15 WC-Co balls, grade GC 10® (Ceratizit) was measured with a TESA® 
micromaster®. The diameter of all 15 balls was 6.998 < Dball < 7.000 mm. For machining 
of the sockets, a radius of 3.5 < R < 3.505 was specified, with a roughness of 0.4 Ra.  
 
For the third type of sockets, the orifices and distribution channels were machined by 
EDM. However, these sockets were machined by ultrasonic grinding tools. The operating 
principle of ultrasonic grinding is explained by grinding tool manufacturer DMG® and 
comprises “overlapping of the tool rotation with an additional oscillating vibration in an 
axial direction” [18]. Piezo-elements in the tool-head are loaded with high-frequency 
alternating voltage causing shrink and expansion in the order of 1-5 μm. 
 

 

Figure 3.17: Ultrasonic grinding by means of a DMG® grinding machine. 

Tool
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oscillation
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Figure 3.18: Close up of socket produced with high frequency grinding (a) and close up of orifice 
where the individual grinding grooves are clearly visible (b). 

The resulting axial vibrations act as a hammer enabling machining of tungsten carbide 
and ceramics like SiC and tungsten carbide. It is claimed that because of the intermittent 
contact between tool and product, machining forces are reduced. Resulting lower thermal 
and mechanical load allow amongst others decreasing wall thicknesses within ceramic 
products. Moreover, smaller size tools can be used. The “ultrasonic 20 linear” is 
presented by DMG® as the most precise of the ULTRASONICTM series. This machine 
tool was used to produce the grinded tungsten carbide sockets shown in Figure 3.16 (c) 
and in close up in Figure 3.18.  
A roughness of 0.4 μm was specified. After grinding, no polishing was performed to 
minimize the risk of failure of the ball section to lift-off. Moreover, polishing might result 
in a deterioration of the spherical surface accuracy. The test sockets were ground out of 
solid WC-Co15. Within the socket, a groove pitch of 5 μm was realized, recognizable in 
Figure 3.18. 

3.5.3 Spherical joint validation 
 
A test setup has been realized to accurately characterize the spherical joint’s performance 
with respect to: 

• Air gap height as function of preload level 
• Load capacity 
• Air gap stiffness  
• Pneumatic stability when adding inertia (reticle) to aerostatic spherical joint 
• Reproducibility of different test sockets 

 
In Appendix C, the test setup is shown and explained. In Figure 3.19, measurement data 
are shown for the spherical joints realized. Stiffness of the aerostatic bearing is 
remarkably close to constant over the measured range of gap heights. The constant 
stiffness lines that were fitted over the measurement data showed a fit error smaller than 6 
%.The first socket realized and tested was the aluminium test socket. The stiffness at low 
gap heights of e.g. 3μm was 1*105 N/m, one order off the predicted 1*106 N/m. However, 

D=0.2 mm

7 mm
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this measured stiffness of the air-bearing might have been sufficient, as the alignment 
forces were projected to remain below 0.1 N, resulting in a compression of gap height of 
1 μm. More critical was the measured load capacity. Preload was found to be < 3.2 N at a 
3 μm gap height. Although on the low end of the specification, it might have been 
sufficient for a proof of concept design. However, due to the nature of the process of 
socket production, it was believed that a better shape conformity might be obtained 
resulting in higher allowed preload levels for equal air film height. This expectation 
proved right when testing the tungsten carbide sockets. 
 
The tungsten carbide socket, machined with die-sinking-EDM proved to yield higher 
preload levels and air film stiffness relative to the aluminium socket. 
 
The third type of sockets yielded best results. Four test sockets were realized and tested. 
As shown in Figure 3.19, for an air film height of 5 μm, a preload of 9 N is comfortably 
within specification.  
This means that a robust functionality was achieved. For example, supply pressure can be 
decreased if desired, or preload can be increased. Relative to the aluminium socket, 
preload has increased three-fold. Moreover, film stiffness was increased by a factor three 
as well. The spherical joint functionality will be implemented in an intricate and costly 
assembly with different functionalities. 

 
 

Figure 3.19: Characterization of the three types of test sockets, air pressure 5 bar. 
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Figure 3.20: Gap height as function of supply pressure of different sockets in WC-Co. 

Therefore, it is mandatory that production reproducibility is high. To assess this 
reproducibility, the air film height as function of supply pressure for all tested tungsten 
carbide sockets was measured and shown in below Figure 3.20. For the ground sockets, it 
shows a sufficient repeatability for the air-film height as function of supply pressure, 
while sufficiently higher air-films are achieved than of the sockets manufactured by die-
sink-EDM.  
Using ground sockets was therefore chosen as the preferred manufacturing process to 
realize the sockets. First, the stiffness was highest, with the highest available preload for 
an air gap of 5 μm. Moreover, with all 4 tested sockets, air film height was consistently 
achieved above 3.5 bar. The clamping struts eventually used in Chapter 4 and 5, exhibit 
even larger gap heights. The reason is explained in Section 3.12, the results are shown in 
Section 4.2.2. 

3.6 Vacuum cup and contact pads 

3.6.1 Strut to reticle contact preload concept trade off 
The required preload between reticle and contact pads was determined at Fpreload > 4N per 
clamping strut. To generate this preload, several concepts were considered. Preload 
through the reticle was rejected in Section 2.2.1 due to the resulting pattern deformations. 
Applying electrostatic charge was considered. Although not rejected, a possible drawback 
is that the reticle would need conductive material deposited on the side walls for the 
concept to be functional. Vacuum force can be created in two ways: by means of a leaky 
seal or a fully sealing vacuum cup. Preload by means of a leaky seal is created by keeping 
the seal gap as small as possible without making physical contact.  
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Figure 3.21: Concepts to create vacuum preload on the contacts: (a) cup attached to ball-section 
(b) cup on chuck around strut (c) cup on chuck. 

Disturbance forces due to air flow through the small gap are present despite the lack of 
forces due to lack of physical contact. Major disadvantage of a leaky seal is the expected 
large seal height variations due to the reticle side wall waviness mentioned in Section 
2.1.1. This results in a significant variability in preload force, dependant on the reticle, 
which is not desired. A fully sealing vacuum cup was selected as the preferred concept 
due to its predictable behaviour, absorbing reticle side wall tolerances at the cost of small 
static forces, dependant on the compliance of the cup in the design. Moreover, the higher 
vacuum force so obtained resulted in the smallest cup, reducing mass.  

3.6.2 Vacuum cup concepts 
In Figure 3.21 a selection of reviewed concepts is shown.  
 
• The vacuum of a cup encompassing the entire strut (Figure 3.21 (b)) would be 

disturbed by the use of compressed air of the aerostatic spherical joint. This could be 
avoided by adding an extra seal around the ball section. This adds complexity and 
increases the size of the vacuum cup needed to provide the preload force.  

• Two separate vacuum cups to a chuck alongside the strut was considered to 
voluminous, especially for the y-struts. (Figure 3.21 (c)) 

• The cup attached to the ball section was considered the preferred concept. The 
vacuum cup will align together with the contacts of the ball section (Figure 3.21 (a)). 

3.6.3 Ball section with contact pads 
The test sockets validated in Section 3.5.3 were tested with a simple ball divided in half. 
However, the ball section to be used in the clamping struts comprises 3 contacts (Section 
3.1). In Section 3.5.1 the solid angle of the balls section was determined at 4.13 sr.  
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                         (a)                                                                    (b) 
Figure 3.22: Ball section (a) design and (b) realization. 

This way, about 1.2 mm is available for a vacuum cup. A combination of EDM and 
grinding was used to machine the ball. Three flat contacts areas with rounded edges are 
ground afterwards to get a sub-μm roughness. After realization, achieved roughness was 
measured a ~0.6 Ra.  
 
An alternative could be to split the ball in half and to lap the resulting flat surface. 
Afterwards, EDM-operations are performed to create contacts and other details. This way, 
three lapped contacts remain and a roughness with optical quality can be achieved. This 
might have beneficial influence on the stiffness of the contact with the reticle. Three ball 
sections were successfully split in half and lapped. However, further realization of this 
concept was discontinued due to time constraints.  

3.6.4 Vacuum cup design and realization 
 
The overview of the vacuum cup design as realized is shown in Figure 3.23. 
 
The seal of the vacuum preload cup can be realized in a metal or a polymer. The 
drawback of using silicone is possible degeneration due to DUV. However, it was found 
that the perfluoroelastomer Kalrez® [20] has sufficient resistance regarding degeneration 
and is approved by lithography tool suppliers for use in its positioning stages. The 
drawback of a metal bellows-like-alternative is the risk of leakage and plastic 
deformation. The polymer alternative was chosen, although the metal cup variant might 
be a realistic alternative. For reasons of supplier convenience, seals were produced from a 
70 shore hardness silicon rubber.  
 
Due to stringent mass and volume specifications, design envelope for the vacuum seal is 
limited. Seal height is determined by two constraints. The centre of the ball section should 
be located at the reticle side wall plane. However, sufficient area should remain for the 
spherical joint. The requirement for three discrete contacts on the reticle side wall, the 
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thickness of the reticle and the rounded edges of the reticle allow for a width of the seal of 
no more than 0.7 mm and a maximum height of 1.1 mm. A thickness of the deforming 
part of 0.2 mm was deemed feasible. In Figure 3.23, the design is shown.  
 
In Figure 3.23, the vacuum cup design can be seen. The seal surrounds the contacts, with 
an aluminium base. If the metal base would touch the reticle, the vacuum force would be 
reduced and the reticle would deform unpredictably. The thin walled tube provides 
vacuum and is connected through the centre hole of the ball section by means of a flange. 
The thin walled tube design is explained in Section 3.7. 
 
 
 
 
 
 

 

Figure 3.23: Exploded view of vacuum cup assembly integrated with spherical joint ball section. 
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Figure 3.24: Dimensions of vacuum cup(a) and cross section of the vacuum seal (b). 

In Figure 3.24 (a) the outer dimensions of the vacuum cup are shown. The cross section of 
the seal is shown in (b), where the vacuum cup shape is clearly visible. The outer 
dimensions of the vacuum cup shown in above correspond to 13.6 mm x 4.5 mm effective 
area. With a pressure difference of -0.7 bars, a vacuum force of 4.3 N can be generated. A 
margin of 0.3 N is built in, because not all vacuum force results in contact preload. The 
main reduction of contact preload might come from the force required to compress the 
vacuum seal. The stiffness of the seal was therefore simulated in a Finite Element 
Analysis (FEA). The discretization and boundary conditions are shown in Figure 3.25. 
Rubber parameters were taken from [65] and were used to assess the functionality of the 
vacuum seal. The analysis resulted in a reaction force of 0.1 N for a compression of 0.1 
mm. Element size was put at 0.1 mm for the seal, by means of mesh refinement. For the 
ball section and cup base, the element size was set at 1.5 mm. In analysis settings, the 
option “large deformations” was activated. 
 
 
 

 

 

Figure 3.25: FEA of vacuum cup to investigate compressive forces: discretization and boundary 
conditions. 
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Figure 3.26: Mould for seal production. 

The design of the mould, shown in Figure 3.26 consists of 4 parts. The upper and lower 
parts contain cavities to drain excess rubber when the seal is produced. The middle part 
consists of 2 parts enabling conventional CNC milling. To produce a seal, liquid rubber is 
poured into the mould, after which the mould is placed in a press. A force of about 10 kN 
is used. After this step, the upper and lower parts are removed and the seal can be peeled 
off the middle two parts. Note that the mould parting lines do not coincide with the seal 
part touching the reticle. Dowel pins with an m5 fit in combination with holes of diameter 
8 mm with H6 fit tolerance assure proper alignment of the 4 mould parts. In Appendix D, 
the realized mould is shown. In Figure 3.27, a few seals from different viewing angles are 
shown. Two types of vacuum cup bases were realized. The first, Figure 3.28 (a) features a 
lead-in edge, centering it with respect to the ball section. One of the contact pads fits 
tightly in its hole, constraining the rotation of the base. However, larger freedom of 
adjustment was needed to attain the proper offset between contact pads and vacuum cup 
base.   
 

  
 

 
Figure 3.27: Vacuum cup seal. Seams of the mould are clearly visible in lower picture. USB-stick 

for reference. 
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                                     (a)                                                            (b) 
Figure 3.28: Different types of vacuum cup base. The first base is centered on the ball section in 
the middle, and the right hole for the contact pad has a tight fit, for orientation (a). Base (b) fits 

tightly around trapezium shape in ball section. 

The vacuum cup base design shown in Figure 3.28 (b) provides this freedom, where the 
trapezoid shaped hole fits tightly around the equivalent shape of the ball section. The 
proper offset between base and contacts is attained by shims. The assembly steps are 
explained in Section 3.11.  

3.7 Thin walled tube for vacuum supply  
The thin walled tube of Figure 3.29 was designed and realized with four requirements.  

• The tube channels vacuum, to provide preload between the contact pads of the 
strut and the reticle.  

• The tube determines the angular compliance needed to adapt to the orientation of 
the reticle side wall, because it is connected to the ball section. The alignment 
force should be as low as possible, for minimum reticle deformation. 

• As shown in Section 3.3.2, a preload force of 4.5 N is required on the ball section 
to achieve sufficient Hertzian contact stiffness between ball and socket of the 
spherical joint. 

• The tube should withstand 400 m/s2 perpendicular to its longitudinal axis without 
colliding with other components, as this would cause unpredictable disturbance 
forces. 

 
In Figure 3.29, the design is shown for the thin walled tubes. The flange is clearly visible 
on the left, where a constriction with a minimum diameter of 0.5 mm is also visible. This 
constriction acts as a flexible hinge to allow for low alignment forces. 
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Figure 3.29: Thin walled tube design.  

 
On the right, a similar constriction is shown, for the same reason. As stated in Section 
2.1.1, alignment angles to be absorbed by the thin walled tube are 3 mrad. From Finite 
Element Analysis (FEA), alignment forces were calculated to be 0.2 N for 3 mrad. 
Stresses due to bending of the thin walled tube amount to 6 MPa. Stresses within the thin 
walled tube, due to 4.5 N preload, amounts to approximately 100 MPa, where the yield 
stress of the Nickel alloy is over 750 MPa. The discretization and boundary conditions of 
the FEA are shown in Figure 3.31. Plate elements were used for the thin walled tube. 
Element size is 0.1 mm. For the ball area, a frictionless support is used, representing the 
aerostatic spherical joint. At the back of the thin walled tube, a cylindrical support is used. 
 
 

 

Figure 3.30: FEA of thin walled tube to determine alignment forces: discretization and boundary 
conditions. 
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Figure 3.31: Thin walled tube. On the right a connector part of a USB-stick. 

The thin walled tube was produced with electroforming. Electroforming is the process of 
depositing metal onto a mandrel through electroplating, followed by dissolving the 
mandrel chemically, and leaving the plating as the final electroformed product. For this 
process, a maximum length of 20 mm was allowed. Therefore, the tube consists of two 
parts, glued together. The realized thin walled tube is shown in Figure 3.31. The 
connector of a USB-stick is shown on the right to get an idea of the size. In Figure 3.32, 
the assembly of vacuum cup can be seen, with a thin wall tube glued in the designated 
hole of the ball section. 
 

   
 

 
 

Figure 3.32: Resulting assembly of the vacuum cup with ball section. 
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3.7.1 Validation of spherical joint, vacuum cup and thin walled tube 
 
A dedicated test assembly was designed and realized to quickly test and enhance 
performance of the vacuum cup and the aerostatic spherical joint. This way, clamping 
towards a reticle side wall can be tested. The design of the test assembly is shown in 
Figure 3.33.  
The preload on the spherical joint is acquired by means of a preloaded coil spring which 
is characterized to ensure a preload of 4.5 N. Connection to the vacuum cup is present on 
the back of the assembly, while the compressed air is provided to similar connections 
extending from the side of the test assembly. The vacuum cup extends beyond the contact 
pads. This allows sealing of the vacuum cup and thus ensures preload on the contact pads.  
This means a compressive force is necessary to create contact between the contact pads 
and the reticle. This reduces the preload on the contact pads. To quantify this force, a test 
setup was designed and realized. With this test setup, measurements were performed to 
quantify the force needed to compress the vacuum cup seal. The design is shown in 
Figure 3.35. The reticle is suspended in two thin struts and out-of-plane between air-
bearings.  
 

 

 

 
Figure 3.33: Test assembly for validation of the spherical joint, vacuum cup and thin walled tube.  
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Figure 3.34: Principle for validation performance of test assembly. 

The result is a low hysteresis guiding of the reticle. The reticle can be pushed or pulled 
towards or from the test assembly. This way, hysteresis loops can be created through 
measurement of the location of the reticle and logging of the actuator force. The reticle is 
guided by means of air-bearings and two thin rods or whiskers. This way, the reticle now 
translates mainly in the y-direction, with a position dependant parasitic displacement in x. 
The position of the reticle is determined by the equilibrium between the actuator force and 
the force generated by deflection of the two whiskers. Displacement of the reticle can be 
measured with a Philtec® optical sensor (D20). The resolution achievable with this sensor 
in normal laboratory conditions is about 0.1 μm, when applying it in the sensitive part of 
its measurement range (near side). In Figure 3.35, a cross section of the test setup design 
is shown. The voice coil actuator has its own air-bushing guide in front of it, because the 
parasitic movement of the reticle in x-direction should not be imposed upon the voice coil 
actuator. A slender rod transfers the voice coil actuator force into the reticle. 
 

 

Figure 3.35: Test setup to experiment with side wall clamping. 
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Figure 3.36: Test setup realization: zooming in on contact between test assembly and reticle. 

With this test setup, hysteresis loops can be created to investigate the necessary alignment 
force to create contact between reticle and the contact pads. The resulting measurements 
are shown below in the form of hysteresis loops.  
 
A first iteration resulted in a compression force of the seal of 1 N. For the second 
iteration, the vacuum cup was installed with a much smaller offset from the contact pads, 
resulting in a reduced compression distance. Because of the reduced offset, the vacuum 
cup seal was compressed only about 45 μm, resulting in a reduced compression force of 
0.25 N, which is considered within specification.  
 

 

Figure 3.37: Hysteresis loop of the compression of the vacuum seal. Iteration 1: compression force 
of seal is approximately 1 N. Iteration 2 resulted in a required compression force of approximately 

0.25 N. 
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Figure 3.38 : Preload force by means of pulling the reticle off the test assembly (die-sink-edm 
socket) and same test, with y-strut assembly, grinded socket.  

 
In Figure 3.38, a validation is shown whether 4 N of preload was actually achieved. A 
pulling force with the actuator was created between reticle and test assembly. With the 
EDM-socket, at F > 3.5 N, a non-linear increase in displacement can be observed. This 
might suggest a teetering ball in the socket. It might also suggest significant misalignment 
of the ball section relative to the reticle side wall. The increase in size of the error-bars in 
the figure indicates significant noise increase from Fpull > 4 N. Whether the ball was lifted 
out of its socket or the contact between contact pads and reticle was lost was not 
determined. However, the vacuum cup was still attached to the reticle side wall. 
 
The same test was performed with a grinded socket within a realized y-strut (Figure 3.47). 
This graph shows a more discrete transition between contact and loss of contact. This 
implies low alignment forces and high contact preload and once more proves the superior 
performance of the grinded socket compared to the socket machined with die-sink-edm. 

3.8 Struts  
 
To adapt for thermal expansion differences, lateral compliance is needed between the 
chuck and the reticle. To this end, elastic hinges are included within a strut. These absorb 
the thermal expansion differences between stage and reticle, while contact is preserved. 
Lateral stiffness should be minimized for a minimum axial stiffness of 1.1*108 N/m. The 
x-strut is taken as a guideline, because this is the most challenging strut.  
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3.8.1 Specifications x-strut 
 
The following specifications apply for the x-direction: 
 

• Axial stiffness caxial >1.1*108 N/m 

• A clateral < 0.2*106 N/m. 
• Predictable behaviour during clamping, so no slip allowed. 
• Strut should be as short as possible. 
• No internal frequencies allowed lower than 2000 Hz to minimize disturbance 

forces on the short stroke reticle stage. 
• Strut should have a mass as small as possible.  

 
Lateral stiffness should be as low as possible, to reduce influence from unavoidable 
thermal distortions and deformations due to acceleration. Moreover, the strut should 
behave deterministically: no slip between the reticle and the struts is allowed. As the 
struts extend outward from the reticle side walls, the length of the struts constrain 
minimal in-plane dimensions of the reticle stage. Therefore this length is required to stay 
as small as possible.  

3.8.2 Strut concept trade off 
 
In Figure 3.39, three strut concepts are shown. Strut diameter is 7 mm, length is 23.5 mm. 
Hinge ligament hlig is 0.3 mm, hinge diameter D is 0.5 mm. The first concept A has equal 
lateral stiffness in both directions and is commonly known as a cross hinge strut. 
  

 

                                     (a)                                                            (b) 
Figure 3.39: (a): Conventional strut concepts A, B and concept C for beneficial centre of mass 

placement. In (b), Concept C is shown from the side. 
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The second elastic hinge strut concept B provides different lateral stiffness in y and z-
directions. On the other hand, concept B exhibits an axial stiffness over 1.7 times higher 
than that of cross hinge concept A. Concept C comprises 2 parts. Part 1 is the same as the 
strut of concept B, but the left hinge is not present. This hinge is present in part 2, in 
which part 1 is placed. A bore is present in part 2, in which part 1 is centered. Although 
the mass has approximately doubled, compared to concept A and B, concept C has some 
benefits over concept A and B. First, the axial stiffness of the strut has increased a factor 
1.5 compared to Concept B. However, some slight stiffness loss should be accounted for 
in the connection of part 1 with part 2. Second, the location of the hinge of part 2 can be 
chosen to coincide with the left hinge of part 1. This creates the principle of a cross hinge, 
decreasing the difference in stiffness in both lateral directions.  
 
The most relevant advantage of concept C over concepts A and B for this application is 
the centre of mass placement. By adjusting the length of part 2, the centre of mass of the 
decoupled part of the strut can be chosen. By placing the centre of mass of the decoupled 
part of the strut on the location of the hinge of part 2, slip of the strut on the reticle will be 
eliminated. As this is a precondition for deterministic behaviour, concept C is chosen. 
This concept feature is further explained in Section 3.8.4. 

3.8.3 Tungsten carbide parts, placement of hinges and socket  
 
In Figure 3.40, concept C of the last paragraph is shown, with part 1 changed somewhat 
relative to part 1 of Figure 3.39. First, between hinge 2 and 3, approximately 5 grams of 
material was removed. This mass reduction also reduces stiffness of the strut by 5 %. 
However, it is also beneficial for the location of the centre of mass. Hinge 3 and 4 are 
placed at an offset from each other and from the spherical joint, beneficial for the axial 
stiffness.  

 

Figure 3.40: Strut assembly overview. 
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Figure 3.41: FEA to asses stiffness of strut assembly: discretization and boundary conditions. 

Ideally, these hinges would have their rotation point in the reticle side wall, just like the 
spherical joint. The offset from the reticle side wall to the rotation point of hinges 3 and 4 
generates a torque which is transferred into the reticle. This is further investigated in 
Section 3.8.5. This assembly with ball section should match the stiffness specification of 
1.1*108 N/m (Section 3.3.3). This assembly has been analyzed with a FEA analysis, and 
the resulting stiffness was achieved in the analysis, mainly by adjusting the ligament of 
hinges 1-4. The corresponding analysis is shown in Figure 3.41. Element size in the 
hinges was set at 0.1 mm, with smoothing set at “high” and transition at “fast”.  
 

3.8.4 Centre of mass  
Lateral compliance created by adding hinges to the strut can result in deflection due to 
inertial loads. The part of the strut connected to the reticle is prone to slip due to these 
flexural hinges, especially in y-direction, where accelerations amount to 400 m/s2. In 
Figure 3.42, the centre of mass of the part connected to the reticle is shown.  

 
Figure 3.42: Centre of mass of the decoupled part of the strut shown in both directions. Thin 

walled tubes are also shown, more explanation of this can be found in Section 3.8.6. 
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The mass left of the centre of mass coinciding with hinge 1 balances the strut part on the 
right of this hinge. The influence of the vacuum cup assembly, ball section and thin 
walled tubes is included in placement of the centre of mass. 
Because earth’s gravitation is constant and always present, this deflection of the 
decoupled part can be neglected. Regarding the angular misalignment towards the reticle; 
the calculated gravitational deflection of the strut is 1.3 μm. With a distance of the hinge 
towards the contacts pads of 19.85 mm, the angle can be calculated to be < 0.07 mrad. 
With reticle side wall tolerances of over 3 mrad, this deflection can be neglected. 

3.8.5 Lateral compliance for thermal loads 
 
In Figure 3.43, the simulated deflection is shown when the strut is loaded with a lateral 
force in y-direction of Flateral,y = -0.1 N.  
 

 

Figure 3.43: Lateral deflection due to Flateral,y = 0.1 N (6100x), deflection is 0.55 µm; FN=0.2 N 

 
For the three contact pads to all stay in contact with the reticle, a normal force FN needs to 
be provided. This normal force results from the offset of the hinge to the contact pads. 
Calculations point out that for a ΔT = 2 K, a maximum is expected of FN  < 0.2 N, which 
is subtracted from the preload of 1.3 N per contact. It is concluded that this will not lead 
to unpredictable detachment between reticle and strut. 

3.8.6 Channelling and sealing 
 
With the tungsten carbide structural stiffness within specification and the vacuum cup and 
spherical joint designed, channelling of vacuum and compressed air is shown within the 
design of the strut. One channel provides two orifices with compressed air. This is visible 
in Figure 3.44.  
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Figure 3.44: Overview of Tungsten Carbide parts showing the channelling for compressed air. 

 
Because hinges are now present in the strut, a hole through the tungsten carbide part 1 
channelling the compressed air is not an option. Instead, the thin walled tubes of Section 
3.7 were used. Compared to the tube of the vacuum cup, these tubes are installed upside 
down. In Figure 3.45, the flange of the thin walled strut is sealed between the preload cup 
and gasket. To minimize the length of the strut assembly, a manifold was designed to fold 
the channeling towards radial ring grooves. A gasket between aluminum manifold and the 
preload cup was designed to seal both vacuum and compressed air channels (Section 
3.8.7). O-rings (13 x 0.5 mm) were installed to avoid leaks between strut and chuck. 
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Figure 3.45: Cross section of x-strut. Channelling of compressed air towards the spherical joint 
denoted by arrows. Preload cup and chuck connection also shown. 

In Figure 3.45 and Figure 3.46, a coil spring is visible, based on the similar principle first 
shown in Figure 3.33. Furthermore, the chuck connection and the preload cup are visible, 
explained in Section 3.8.7. 
 

 

Figure 3.46: Cross section of x-strut. Vacuum channelling denoted by arrows. 

3.8.7 Connection to the chuck 
Custom designed pull rods (material 1.2379, 31 mm long, with thread M1.6 at one end) 
pull the SiC chuck interface on the strut part with integrated counter mass. The preload 
force is large (tested and larger than 300 N) to ensure a stiff and constant line contact. The 
preload cup (see Figure 3.45) divides the three discrete forces over the diameter. The 
entire outside surface area of the SiC chuck interface is glued in the hole of the chuck, 
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hence providing enough stiffness and load capacity. The pull rods are present in both x 
and y-struts, but most clearly visible in Figure 3.47. 

3.9 Y-strut 
The main difference between the x and y-strut is the difference in orientation relative to 
the acceleration of 400 m/s2. Because the y-struts are placed in this direction, the risk of 
slipping relative to the reticle is much lower than in the case of the x-strut. Furthermore, 
stiffness specifications are somewhat relaxed compared to the x-direction, because two 
struts are applied in y-direction and 1 is used for the x-direction. 
 

 

Figure 3.47: A cross section of the y-strut design. 
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Table 3-3: stiffness budget of the y-strut. 

 
 
 
 
 

 
 
The slightly relaxed specifications in the y-direction resulted in a lighter y-strut compared 
to the x-strut. 

3.10  Strut summary: performance indicators 
 
Below, the most important characteristics of the x and y-strut are shown. The relatively 
high stress during acceleration of 400 m/s2 in the y-struts is mostly compressive stress 
within the hinges, so this stress is not expected to pose a problem. However, lifetime tests 
should prove this. The struts were designed to comply with the requirements and 
functionalities. Although without any safety factor, the stiffness requirement can be 
achieved. Stiffness in lateral directions has been minimized, and the struts are robust for 
high accelerations.  
  

Table 3-4: x and y-strut characteristics. 

x-strut y-strut 

Diameter total 14.6 11.6 mm 
Length 40 40 mm 
Strut assembly mass 40 21 gr 
Axial stiffness 1.1*108 8.2*107 N/m 
In-plane lateral stiffness 0.18*106 0.08*106 N/m 
Stiffness in z-direction 0.128*106 0.15*106 N/m 

Stress during ay = 400 m/s2 11 146 MPa  

Allowable reticle side wall tolerance >3 >3 mrad 
 

Stiffness  
contributor 

Stiffness  
y-strut (106 N/m) 

Term 

Contact with reticle 2x 200 ccontact 

Spherical joint 2x 450 cspherical joint 
Strut 2x 82 cstrut 

Frame 2x 600 cframe 
Reticle 266 creticle 
Total 70 ctotal 
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Furthermore, volume and mass of the struts was minimized as much as possible, while 
focussing on modular design and exchangeability. With the concept design completed, 
proof of concept was tested with prototypes. 

3.11  Production and assembly of x and y-struts 
Because of the high stiffness specifications, tungsten carbide (grade CTS30; 1330 HV30, 
15 % Co) was determined to be the material of the strut. However, because of its high 
hardness compared to steel, machining is relatively expensive. Especially when having to 
revert to (die-sink-) EDM, lead times and costs run high. Therefore, to save costs, sintered 
parts were ordered from Ceratizit, the leading tungsten carbide supplier. Wherever 
possible, all holes were drilled before sintering, as well as the spherical joint socket. 
During sintering, the product shrinks up to 20 (volume) percent and resulting product 
dimensions exhibit tolerances of up to multiple percents of the dimension. Drilled holes of 
1 mm diameter for example, are known to vary in diameter with 0.1 mm tolerance after 
sintering. Therefore, all holes with fittings were finished afterwards by means of grinding 
or EDM. The strut parts after sintering and after exterior grinding are shown in Figure 
3.48. Roughly, assembly of the x and y-strut is similar. In Figure 3.49 parts 1 & 2 of the x 
and y-strut are shown. Hinges were machined by wire EDM. In part 2, four instead of two 
holes are unintentionally present for the compressed air channels.  
 

                          
      (a) 

                      
(b) 

Figure 3.48: Sintered parts from Ceratizit, with axial holes and socket already present (a) and (b); 
the sintered parts after grinding of the exterior (x and y parts). 
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                         (a)                                                                          (b) 

      
                         (c)                                                                         (d) 
Figure 3.49: Tungsten carbide y-strut part 2 (a), part 1 with grinded socket (b), part 2 of the x-

strut (c) and part 1 of the x-strut (d). 

3.11.1 Assembly of strut 
To glue the tungsten carbide parts, the chuck interface (Section 3.8.7) and pull rods have 
to be added to the assembly. A glue test was performed and it was found that a glue film 
with thickness smaller than 2 μm was acquired with a weight of 1 kg on top of the y-strut, 
resulting in a glue film stiffness of cglue > 1*109 N/m.  
 

      
                            (a)                                                               (b) 

Figure 3.50: The tungsten carbide strut parts being glued and result (y-strut). 
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                    (a)                                                                      (b) 

Figure 3.51: Pull rods are bolted on the preload cup with a bolting tool for screwdriver 
guidance. 

This can be calculated using EAglue/Lglue for the stiffness and 1 GPa for the Young’s 
Modulus of the glue [68] , and an area of 9 mm2. After setting of the glue, this connection 
of the glue test was successfully tested with > 20 N pulling force. A parallelogram 
guiding was used to prevent the hinges from being overloaded. Alignment of this 
parallelogram was done by hand, and DP100 glue was used. In Figure 3.50, the glue step 
and result is shown.In Figure 3.51, the next step of the assembly is shown. The preload 
cup is added and bolted down by means of the three pull rods. A bolting tool is used to 
avoid damaging the struts hinges. Next, the thin walled tubes are glued into the strut head 
(not shown). After sealing the distribution channels with glue spots (Section 3.8.6), the 
compressed air is injected to validate full flow for every orifice. To add robustness to the 
strut, an end-stop is added to the strut head. Because the lateral stroke of the strut was 
determined to be no larger than 10 μm, a feeler gauge special foil of 10 μm was used and 
an aluminium ring was placed around the strut head. The ring with a diameter 0.02 mm 
larger than the strut head was glued after three foil strips were inserted between strut head 
and ring. After setting of the glue, the foils were removed. 
 

                                                 
                              (a)                                                            (b) 

Figure 3.52: Test if full flow is present for every orifice (a) and glue step of the end stop bushing 
(centred with foil strips). 
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3.11.2 Vacuum cup assembly 
The vacuum cup and ball section form a separate sub-assembly. 
First, the ball section and the vacuum cup base are glued. The usage of shims was 
required to obtain the right offset between seal and the three contacts (Figure 3.53). 
 

 

Figure 3.53: Ball section and vacuum cup base glued with shims visible to attain proper offset 
between seal and contacts. 

The thin walled tube is glued in the following step. The thin walled tube needs to be 
aligned to the vacuum cup. This is achieved by using a glue tool with a hole of 0.8 mm in 
which the thin walled tube is perpendicularly aligned with the vacuum cup (Figure 3.54).  
 
The polymer seal is then glued into the groove of the vacuum cup base. Shrinkage of the 
seal of a few percent relative to the production mould ensures a nice fit. Afterwards, the 
projector microscope shows if the seal is in its place, and if the thin walled tube aligns 
with it. 
 
 
 
 

      
                     (a)                                                          (b) 
Figure 3.54: Glue step of the assembly of the ball section and vacuum cup, resulting assembly seen 

from under the projector microscope. 
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Figure 3.55: Final glue step: vacuum cup assembly assembled with the strut. Note: this strut was 
assembled without end stops. 

The final glue step (Figure 3.55 and Figure 3.56) involves the assembly of the strut with 
the vacuum cup sub-assembly. The coil spring is preloaded by the Teflon preloader. The 
spring-tube-connection is then glued. The DP460® glue is injected into the 0.4 mm 
diameter holes on the radius of the connection. The preloader is made of Teflon to ensure 
that it can be retracted after glue has set. 
 
After the last glue step, the strut can be removed from the tool of Figure 3.56 and the 
gasket and the manifold are screwed on the back of the strut, which is shown in Figure 
3.57. O-rings are installed, completing the strut assembly. 
 
 
 
 
 
 
 

 
Figure 3.56: Final glue step: design of the tool(courtesy of EPC TU/e). 
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                                    (a)                                                           (b) 

 
(c) 

Figure 3.57: Result of final glue step, strut seen from the back (a). The three M1 threaded holes are 
visible on the largest radius. In (b), the back of the strut is shown from another angle. In (c) the 
gasket and manifold are shown, which can be screwed on the back of the strut with 3 M1 bolts. 

3.12  Recommendations for x and y- struts  
 

• It was found that the die sink EDM process scatters micrometer size tungsten 
carbide particles on the socket surface. This adversely influences the air-bearing 
functionality, as well as drastically reduces Hertzian contact stiffness between 
ball and socket. This problem was discovered during testing of the clamping 
struts. The process for successful sockets was found by grinding the socket 
surface, adding the 4 radial grooves (depth 25 μm). After this step, the socket 
surface was ground again, removing the small particles. 

• Although a diameter of 14.6 mm was achieved for the x-strut, it is strongly 
advised to design a chuck with a hole of 20 mm. This way, the struts can be 
inserted from outside. This is further explained in Section 5.2.5. 

• Hinge thickness might be increased to enable higher stiffness. However, this 
might adversely influence reticle pattern deformation, which should be 
rechecked. 

• In the tungsten carbide parts, some material was removed to reduce mass by 5 
grams. This should be reinstated, as this increases stiffness by 5%. The mass 
increase relative to the 2 kg of the short stroke reticle stage is negligible. 
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• Lifetime tests should be performed for acceleration induced stresses in the y-
struts. 

• For proof of concept, a tungsten carbide grade of Young’s Modulus of 510 GPa 
was used. A test could be performed to use GC10, enabling a Young’s Modulus 
of 630 GPa. This increases strut stiffness by another 10%. However, this also 
might adversely influence reticle pattern deformation, which should be 
rechecked. 

 
 
 
 

 
 

 
Figure 3.58: realized y-strut (upper picture) and x-strut (lower picture). 
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3.13  Z-strut  

3.13.1 Specifications 
 
Necessary bandwidth in z-direction was set at 300 Hz. Three z-struts are used to support 
the reticle. The in plane location of each strut is the same as in the state of the art 
clamping concept. This minimizes overlay due to gravity induced deformation differences 
between lithography scanners with different clamping concepts. The necessary stiffness 
for one z-strut is specified at 8*106 N/m. 

3.13.2 Z-strut design 
 
The z-strut features properties and functions similar to the x and y-struts. Most 
importantly, the z-struts clamp the lower plane of the reticle instead of the reticle side 
walls. Because of the good flatness of this surface, no spherical joints are required for the 
z-struts. Like the x and y-strut, the z-strut consists of two parts with hinges. The design 
and realization is shown in Figure 3.59. The thin upper part comprises the contacts as well 
as three hinges. The upper two hinges are placed orthogonal on the same height. The 
middle part’s thickness is reduced to reduce mass and inertia. The strut is located in a 
container with a flange which interfaces with the chuck and houses the seal and its 
separate base. A radial hole and two grooves for o-rings allow for an air tight connection 
of the strut to vacuum. The material of the strut is 1.2379 with a yield strength of 860 
MPa. 
 

 
                               (a)                                                                          (b) 

Figure 3.59: Cross section of z-strut assembly (a) and realized z-strut (b). 
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3.13.3 Vacuum seal for z-struts 
Just as for the in-plane struts, a vacuum seal was produced. The same cross section was 
used. However, the seal in this case is not rectangular, but cylindrical. In Figure 3.60, the 
design and realization is shown.  

3.13.4 Performance of z-strut 
The calculated stiffness in design for one strut is 9.8*106 N/m.  
Validation of the stiffness in z-direction was not required, because the stiffness 
specifications are much less demanding than in the in-plane directions.   
 

 

Figure 3.60: Mould for z-seal production, design and realization (outside diameter seal: 8 mm). 

The benefits of using struts with sufficiently low lateral stiffness should not be 
underestimated. In the current reticle clamping, z-supports are used, exhibiting no 
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compliance in lateral directions or in any rotation. This is likely to introduce out-of-plane 
deformation into the reticle. 
 

Table 3-5: expected performance of z-strut. 

Diameter strut 9 mm 
Diameter total 12 mm 
Length 15.0 mm 
mass strut assembly 11 gr 
Stiffness axial 9.8*106 N/m 
Stiffness y-direction 4.7*103 N/m 
Stiffness x-direction 8.4*103 N/m 

Stress during ay = 400 m/s2 6 MPa  
max stress 200 MPa  
Max stress axial at a force of F = 1 N 12 MPa  
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Chapter 4: Strut prototype characterization 
 
 
The clamping struts should comply with the high stiffness targets. Furthermore, alignment 
forces should be as low as possible. The height of the air gaps of the spherical joint 
should be large enough for proper alignment. The air gap height as function of supply 
pressure should be reproducible for each strut. To quantify and improve towards these 
requirements, the clamping strut prototypes were tested individually. 

4.1 Strut clamping test setup 
A docking test setup was designed and realized for a variety of tests with the struts. The 
test setup is largely similar to the test setup described in Section 3.7.1. It consists of a 
reticle guided in the y-direction by air bearings and flexures. One reticle side wall is 
available for docking by a prototype strut. The other reticle side wall is connected to a 
Voice Coil Actuator (VCA), which has its own guide in front of it. This VCA can be used 
to position the reticle towards the opposing strut and to excite the reticle during dynamic 
measurements.  
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Figure 4.1: Test setup for strut prototype characterization, exploded view. 

Before the strut is clamped to the reticle, the dummy mass shown in Figure 4.2 is fixed to 
a casing by means of a lid and a bolt at the centre of the dummy mass(not shown). This 
way, the strut is also fixed.  

 

Figure 4.2: Test setup for strut prototype characterization, cross section. 
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Figure 4.3: Realized test setup for characterization of strut prototypes. 

For an explanation of the quantification of the vacuum cup properties, refer to Section 
3.7.1. However, relative to the described test setup, some changes were carried out. In 
Figure 4.1, one of two folded leafsprings of the test setup is shown. These constrain the x 
and Rz DoF of the reticle, imposing significantly less parasitic x movement relative to the 
whiskers used in the test setup shown in Figure 3.34, reducing lateral deflection of the 
prototype struts. In the dynamic measurement, the dummy mass is guided by an air 
bushing shown in Figure 4.1. The dummy mass was chosen such, that the combined 
centre of mass of the prototype strut, axle and dummy mass is located in the centre of the 
air-bushing. This also reduces lateral deflection of the strut while being clamped to the 
reticle. The assembly of the coils of the VCA, reticle, strut and dummy mass can now 
move in x-direction on the compliance of the folded leaf springs. The VCA is used to 
excite the reticle and strut, through the centreline of the strut. Retro-reflector tape was 
attached to the right side of the dummy mass, and a laser vibrometer (Polytec®) was 
aimed at the centre of the dummy mass. This way, the speed of the dummy mass can be 
measured.  

4.2 Docking tests of strut 

4.2.1 Compression of vacuum cup seal 
Figure 4.4 shows the results of the vacuum cup measurements to determine the required 
force to achieve contact between reticle and contact pads of the strut. The measurement 
was performed the same way as the measurements of Section 3.7.1 and can be compared 
to Figure 3.37.  
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Figure 4.4: Hysteresis loops of vacuum seals. 

For all struts, the force to make contact with the reticle does not exceed Fseal = 0.2 N (y-
strut 2) and the lowest Fseal was measured on the y-strut 1. This force was negligible 
compared to vacuum cups of the other struts. The length of the hysteresis loop of the x-
strut is < 50 μm. Relative to this, the lengths of the hysteresis loop of y-strut 2 has 
effectively doubled towards >100 μm. However, Fseal has not doubled and stays just under 
0.2 N. It shows the absorption capability of the vacuum seal is approximately 100 μm, for 
Fseal  ≤ 0.2 N. 

4.2.2 Spherical joint air gap measurements 
 
To measure the spherical joint air gap, the reticle is translated towards the strut by the 
VCA. If the reticle and the vacuum cup are in contact, the pressure is slowly decreased 
resulting in clamping of the strut on the reticle side wall. Next, the supply pressure to the 
spherical joint is increased. With the Philtec® D20 sensor (resolution about 0.1 μm, near 
side) registering displacement of the reticle, a graph was computed shown in Figure 4.5. 
The air gap heights of the clamping struts are shown as function of the supply pressure. 
The results from Section 3.5.3 are also plotted in the graph for comparison. Consistent 
functionality of the spherical joint is proven, whilst air gap heights of 5 μm are achieved 
by using a supply pressure of just 3 bar. Air gaps smaller than 12 μm vary significantly 
between the struts, possibly due to manufacturing tolerances. For air gap heights higher 
than 16 μm, the consistency of the 3 spherical joints is remarkable. Compared to the 
grinded sockets shown in Figure 3.18, the spherical joints performance has increased. 
This is very likely the result of the extra grinding step that was executed after the die-
sink-EDM of the grooves in the socket. (See also Section 3.12). 
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Figure 4.5: Air gap height per strut as function of air supply pressure. 

4.2.3 Dynamic stiffness measurements 
 

   
(a)                                                                       (b) 

Figure 4.6: Frequency response functions (FRF’s) in strut test setup with decoupling. 
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A SiglabTM system was used to generate an excitation signal that was fed to a current 
amplifier and also measured back at one of the SiglabTM inputs. The laser vibrometer was 
used to measure the velocity of the dummy mass as described in Section 4.1. The 
structure being excited by actuator noise consists of the reticle, strut, dummy mass and the 
VCA. It is suspended in the guiding consisting of the cylindrical air bearings, folded leaf 
springs and air bushings for the VCA and strut with dummy mass. The laser vibrometer 
measures from the fixed world, disconnected from the base frame to avoid picking up 
natural frequencies from it. The resulting frequency response functions are shown below. 
In both Figure 4.6 (a) and (b), the first peak is visible at the frequency of around 11 Hz, 
which is the rigid body mode of the strut with reticle on the flexural guiding. Right of this 
peak, the -2 slope corresponds with the mass of the strut+ reticle (0.89 kg). For the x-
direction, decoupling is observed at 1332 Hz. In y-direction (Figure 4.6 (b)), decoupling is 
observed at around 1210 Hz. The equivalent mass is 0.192 kg and with 1332 Hz for the 
clamping x-direction, the stiffness is 1.36*107 N/m. A stiffness of 5*107 N/m was 
computed by means of FEM analysis for the connection of the x-strut to the dummy mass. 
Accounting for this stiffness loss, the stiffness of clamping with one strut in x-direction 
was calculated to be 1.87*107 N/m. This is 42 % of the stiffness of 4.45*107 N/m targeted 
for in the design. For the y-direction, a similar calculation was performed. In this case 
however, two y-struts will clamp the reticle. Taking this into account along with a 
targeted stiffness of 7*107 N/m, the stiffness reached is 3*107 N/m, also 42 %.  

4.3 Conclusions and recommendations 
 
The hysteresis experiments in Section 4.2.1 show consistent assembly quality, where Fseal 
is ≤ 0.2 N for all three clamping struts. However, it should be considered to aim for lower 
alignment forces, similar to the result achieved in y-strut 1. Even when the vacuum seal 
would not extend beyond the contacts, vacuum sealing might still be achieved. Lowering 
Fseal potentially results in reduced reticle deformation and thus in reduced overlay error 
contribution. The possible drawback of the potential increase in collision force between 
reticle and strut during docking could be solved with some proper dedicated metrology to 
minimize collision forces. During assembly of the strut prototypes, it was found that the 
vacuum cup assembly can be easily exchanged. The spring tube (glue) connection can be 
unfastened using a heated thorn, and an improved vacuum cup assembly can be installed 
with the glue step of Figure 3.56. Regarding the spherical joint measurements of Section 
4.2.2: the consistent achievement of 5 μm air gap heights of the spherical joint within the 
intricate strut assembly at pressures below 3.5 bar, shows that pressure leakage within the 
strut prototypes is low enough for the application and reproducible. It implies 
manufacturing variations low enough for reliable serial production. There is opportunity 
to increase the spherical joint preload, resulting in higher Hertzian contact stiffness 
between ball and socket. As shown in Section 4.2.3, increase in stiffness is necessary to 
meet the stiffness targets, as the stiffness of the struts is off by a factor 2.5. In Section 
6.2.1, a more extensive enumeration is given to increase clamping stiffness. 
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Chapter 5: Reticle clamping test setup 
 
 
To validate and quantify reticle clamping performance, a test setup was designed and 
realized. The concept of the test setup is explained as well as the principle of using the 
struts to actuate the reticle towards its clamped position. The goals of the test setup are 
clarified and the design of the chuck, leafsprings and metrology is explained. Design and 
realization for integration of the struts within the test setup is shown, and the stiffness 
contribution is quantified. Some results of tests to use the z-struts to levitate the reticle are 
given.  

5.1 Docking concept trade-off 
To be able to successfully dock a reticle in 6 DoF, a dedicated test setup was designed and 
realized. The goals of the docking test setup were defined as follows: 
 
• Test different docking strategies,  
• Determine the decoupling of the reticle from a light and stiff chuck of mchuck ≤ 2 kg. 
• Measure clamping induced out of plane deformations with nanometer resolution. 

 
A few challenges were identified: 
• Achieving clamping in both x, y and Rz with the struts in their equilibrium position 

for optimal stiffness. 
• Loading and unloading of the reticle in the test setup for quick and efficient 

troubleshooting. 
 
Using a reticle load robot was considered too complex for the purpose, because the 
vacuum cups of the struts can be used as actuators positioning the reticle. During tests 
shown in Appendix E, it was found that positioning with μm-resolution was possible by 
varying vacuum preload between reticle and the strut, provided there be a hysteresis low 
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flexural guiding of the reticle. Because the z-struts act as a flexural guiding once the 
reticle is placed on it, it was assumed that positioning of the reticle by means of the struts 
would be possible. As shown in table 3-5, the stress in z-struts in axial direction due to    
F = 1 N is only 12 MPa, so carefully placing the reticle on the z-struts by hand is not 
expected to pose a problem. 

5.2 Test setup design  

5.2.1 Overview 
To test the reticle clamping procedure and its performance, a minimum of struts was used 
reducing complexity and lead times. Therefore, one x-strut, two y-struts and three z-struts 
were used, similar to Figure 2.2.  
 
 

 

Figure 5.1: Exploded view of the 6 DOF docking test setup. 

An overview of the test setup is shown in Figure 5.1. Folded leafsprings constrain the 
three in-plane degrees of freedom of a light and stiff chuck. Three base struts constrain 
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the out-of-plane degrees of freedom. The centre of mass of the chuck and reticle lie close 
to the height of the folding line of the folded leafsprings. Furthermore, the in plane centre 
of mass of the chuck and reticle lie in the centre of stiffness of the base struts. The design 
can be represented as a chuck in a flexural guiding. 

5.2.2 Chuck design 
The chuck was designed for maximum symmetry, while respecting the in-plane positions 
of the z-struts provided by ASML. Natural frequencies of the frame with the reticle 
docked in it were designed to occur above 2000 Hz as much as possible. High torsion and 
bending stiffness both in and out of plane was achieved by designing a ring shaped 
hollow structure with a cover plate. The height of the pattern area was specified to be 15 
mm. The cross section was chosen square to use as much volume around the reticle as 
possible. This resulted in a height of the chuck of 36.35 mm. The reticle should be docked 
from above, like in current reticle stages. Therefore, above the reticle, an area with a 
length and width of 156.4 mm was reserved for the reticle docking procedure. 
 
 

 
Figure 5.2: Chuck design for reticle clamping test setup. 
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(a)                                                                 (b) 
Figure 5.3: Test setup chuck with aluminium dummy reticle (a) and hollow structure seen from 

underneath before the cover plate was glued. Lower outside part of a z-strut is visible. 

The centre of mass coincides with the centre of mass in both x, y and z direction. The 
chuck comprises surfaces underneath the reticle (see Figure 5.2), normally used to 
provide for squeeze film damping of the out-of-plane modes of the reticle. This 
functionality was not added in the test setup. The material of the chuck is aluminium 
6061-T8. In Figure 5.3, the realization of the chuck is shown after anodizing. 
Unfortunately, only one picture was taken before the cover plate was glued. It shows the 
hollow structure of the chuck (Figure 5.3 (b)). 
 

5.2.3 Metrology, folded leafsprings  
The folded leafsprings were designed to constrain the reticle and chuck such, that the 
natural frequency in the constrained direction exceeds 2000 Hz.  
 

 

(a)                                                                 (b) 
Figure 5.4: Design of the folded leafsprings (a) and the realized leafsprings attached to the frame. 
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Figure 5.5: Philtec® sensors monitoring in-plane movement of the reticle, while docking. 

The natural frequency of the leafsprings itself is much higher than 2000 Hz. The stroke 
was limited at 0.4 mm; the leafspring thickness is 0.5 mm. The thick part of the folded 
leafspring extends beyond the folding line, increasing its stiffness significantly, while 
compliance is impacted relatively little. A resulting compliance of the folded leafspring of 
1*105 N/m was deemed acceptable with an in-plane natural frequency of the chuck with 
docked reticle was found in a Finite Element Analysis (FEA) at 50 Hz. In Appendix F, 
with the same FEA is shown at which frequencies the expected mode shapes can be 
found. The folded leafsprings are made from steel. Because it is connected to the 
Aluminium chuck, some stress occurs due to thermal expansion differences, but as testing 
and assembly is performed in a conditioned room, with a maximum temperature 
difference of <0.5 K, resulting strain amounts to 0.001%, which can be neglected for this 
test setup. In Figure 5.5, different views of the clamping test setup are shown. In the 
detailed view, a tip of a Philtec® sensor is shown, measuring the y-position of the reticle 
via a mirror on the reticle side wall. The Philtec® optical sensor (D20) was used. The 
resolution achievable with this sensor in laboratory conditions is about 0.1 μm, using the 
sensitive part of its measurement range (near side). It is placed as close to the y-strut as 
possible. The same principle is applied for the other 2 Philtec® sensors. The air supply 
connections for the two y-struts are visible as well (see also Section 5.2.5).  
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5.2.4 Levitation of the reticle  
To allow the reticle to move towards the x and y-struts, compressed air on the z-struts was 
used. This way, preload on the z-struts was reduced, significantly lowering actuation 
forces on the reticle. Each z-strut was connected to its own supply pressure. The air-
pressure was increased until the reticle was lifted off the z-supports almost entirely. Using 
too much compressed air resulted in an undesired vibration of the reticle in z-direction, 
probably caused by periodic air-release by the vacuum seal, The maximum of pressures 
found while the reticle was still in stable position, are shown in Figure 5.7.  
 

 

Figure 5.6: Test setup with test reticle; to determine lowest achievable in-plane stiffness while 
injecting compressed air into z-struts. 

For z-strut1, pressure could be increased to 2 bar without observing any reticle vibration, 
and for z-strut2, a pressure of 1 bar was used. Closest to the x-strut is z-strut3. The pressure 
in this z-strut could be increased to 5 bar, without seeing any levitation.  

 

 
 

Figure 5.7: Using compressed air within the z-struts to levitate dummy reticle. Z-displacement of 
reticle was measured at the location of the z-struts with a Philtec® sensor. 
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Figure 5.8: Determining stick-slip behaviour of dummy reticle. Slip occurs above a force of 0.2 N. 
When not using compressed air, no displacement was measured. 

The reason is that half the reticle’s mass is supported by this strut. From Figure 5.7 can be 
concluded, that z-displacement of the reticle at the location of the contacts with x and y-
struts is z << 5 μm, during levitation of the dummy reticle. Figure 5.8 shows the stick-slip 
behaviour of the dummy reticle in x-direction while injecting compressed air into the z-
struts. Supply pressures from Figure 5.7 were used. 
A maximum force exerted by three z-struts of Fx = 0.2 N is sufficiently low. Furthermore, 
by intermittently increasing supply pressure for each strut and decreasing it again, this is 
expected to be reduced even further.  

5.2.5 Exchangeability of x and y-struts in the chuck  
To exchange struts from the test setup, an adapter bushing shown in Figure 5.9 was glued 
to the outside diameter of the strut. A ring was glued in the chuck. This way, the struts 
can be inserted from outside the chuck, because the adapter bushing has a larger diameter 
than the vacuum cup. The axial preload fixates the strut against the adapter bushing. This 
way, a stiff connection between chuck and strut is realized, while the struts can be 
exchanged if necessary. To glue the adapter bushing, 6 radial holes were used to inject the 
glue, ensuring a glue film to be present around entire the perimeter of the strut. With the 
shear modulus of 1 GPa, a thickness of the glue film of hglue= 0.2 mm and a glue area of 
Aglue = 275 mm2, a glue stiffness of G Aglue/hglue yields 1.4*109 N/m. Next, the chuck ring 
(Figure 5.9) was glued in the chuck. This glue film has a stiffness of 1.8*109 N/m, 
together resulting in a stiffness loss in the order of a few percent.  
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Figure 5.9: Tool to glue x-strut for use in the 6 DOF test setup. 

Furthermore, the glue channel is highlighted through which the chuck ring is glued into 
the chuck. Glue is injected from above. Glue was injected until it was seen at the hole 
below the chuck ring. After setting of the glue, the strut as shown in Figure 5.10 is pushed 
against this ring by means of a disc spring being loaded by the “preload manifold” with 
more than 200 N (contact stiffness 6*108 N/m). This component also incorporates the 
channels for compressed air and vacuum. In Figure 5.12, some detailed pictures of the 
realized chuck with clamping struts are shown, like the x-strut and z-strut close together 
in (b). In Figure 5.11, a cross section of the test setup is shown. The Voice Coil Actuator 
is shown with its centre line coinciding with the centreline of the x-strut and the reticle. 
The folded leafspring is shown, with the folding line 7 mm below the height of the centre 
line of the x-strut, but only 3 mm below the centre of mass of the moving mass. The 
centre of the y-strut is shown, with offset from the centre line of the z-strut of 1.7 mm in 
x-direction. This was done to allow for a larger vacuum cup.  
 
 
 

  

Figure 5.10: Adapter glued to struts for use in the 6 DoF test setup. Left, the x-strut is shown and 
right, a y-strut is shown. 
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Figure 5.11: Cross section of test setup through x-strut. 
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(a) 

 
(b) 

Figure 5.12: Corner of the chuck with glued struts with protective aluminium covers (a) and (b) 
close-up of the x-strut and beneath it the z-strut. 

5.3 Pneumatic regulator cabinet 
The pneumatic regulator cabinet comprises all pneumatic switching equipment. The 
spherical joint (SPJ) of every x and y-strut can be pressurized independently from the 
pressure in the vacuum cup. The vacuum cup can be used to both push and pull on the 
reticle, by decreasing or increasing the pressure in it. This is useful when the reticle is 
released from the clamp, but also for the clamping procedure itself.  
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Figure 5.13: Top view of pneumatic actuation cabinet. 

The vacuum of each of the z-struts can be regulated separately, as well as the compressed 
air, explained in Section 5.2.4. In Figure 5.13, the cabinet is shown. The breadboard, on 
which the cabinet is clamped, is about 0.9 m x 0.6 m. In below figure, the test setup 
together with regulator cabinet on 1 bread-board is shown. For the measurements in the 
following chapter, the test setup was installed on a separate breadboard. 
 
 
 
 

 
Figure 5.14: Test setup with regulator cabinet on bread-board. 
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Chapter 6: Reticle clamping performance 
validation 

 
 
The docking procedure is explained, from placement of reticle towards 6 DoF clamping. 
A clamp fix-and-release sequence is shown as function of time. In plane dynamical 
stiffness measurements and out of plane deformation measurements were performed, and 
the measurement results were used to compute in plane deformation. This in-plane 
deformation was corrected by means of correction algorithms provided by ASML. The 
results adhere to the most stringent specifications. 

6.1 Reticle docking 
End stops in the form of aluminium strips of 2 mm thickness were clamped on the 
breadboard. They prevent damaging of the x and y-struts. Onto a randomly selected 
reticle, 4 mm diameter discs of aluminium were glued to the reticle side walls at the 
locations of the Philtec® sensors. With the pattern area pointing upwards to act as mirror 
surface for the deformation experiments, it was placed in the test setup chuck by hand. 
The z-struts now support the reticle. After removal of the end-stops, the reticle was 
moved towards the x and y-struts, once again by hand. Three Philtec® D20 sensors 
measure the in plane location of the reticle with about 0.1 micrometer resolution. Supply 
pressure on the z-struts was increased, allowing a near-floating of the reticle. The reticle 
was moved towards the x and y-struts carefully, again by hand. When it was confirmed 
that each of the struts’ vacuum cups touches the reticle, the clamping procedure started.  
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(a)       (b) 

Figure 6.1: Test setup before placing the reticle in the chuck by hand (a) and (b) test setup with 
docked reticle, protective end stops removed. 

 
Through adjusting the pressure in the vacuum cups of each of the x and y-struts, the 
reticle was increasingly pulled towards each strut. In the final 20-50 micrometers, the 
pressure in the vacuum cup of each x and y-strut was decreased and increased 
intermittently, to allow each strut to return to its equilibrium position after each 
translation of the reticle. When vacuum force of both y-struts was increased, compressed 
air through the vacuum cup of the x-strut prevented deflection of the x-strut. Next, by 
switching from pressure to vacuum, the x-strut’s vacuum cup started to pull. Meanwhile, 
the pressure of the y-struts was increased to above atmospheric pressure, preventing 
deflection of the struts. This was repeated several times. In the last 20 micrometers of the 
clamping procedure, this strategy became ineffective, because the vacuum cups would 
push the reticle away to around 10-15 micrometers. 
Consider Figure 6.2. This represents the successfully applied clamping procedure. By 
means of the former strategy, the reticle arrived at situation (a). To arrive at (b), the x-
strut and strut y1 pull on the reticle. The strut y2 pushes the reticle away by means of 
compressed air. With strut y1 already close to or in contact with the reticle, a rotation 
point near this strut was created. Some sliding of the reticle in the x-direction was 
probably present. In situation (c), the vacuum force of the x-strut was reduced to zero, and 
strut y1 pushed, while y2 pulled. The reticle rotated around its centre. By pulling by the x-
strut and strut y2, the reticle arrived at (d). For strut y2 to regain equilibrium position, 
compressed air was supplied, before increasing vacuum preload again (e). The same was 
done with strut y1 and the x-strut.  
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Figure 6.2: Clamping procedure, steps towards 6 DoF clamping. 

With the reticle clamped in 6 degrees of freedom, each of the spherical joints is put under 
pressure one at a time. An air gap of 5 μm was used. This was deemed enough to align 
with low hysteresis. This way, alignment of the struts’ contact pads was accomplished 
towards the reticle side wall. After this alignment, each strut was detached and attached to 
the reticle without using the spherical joint. This way alignment forces in the reticle are 
minimized as much as possible. After clamping of the reticle was achieved, performance 
was validated through stiffness and reticle deformation experiments, presented in the 
following paragraphs. 
 

   
(a)      (b) 

Figure 6.3: close up of struts having clamped reticle: (a) is x-strut and (b) strut y2. Some 
deformation of the vacuum cup can be distinguished.   
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6.2 Dynamic stiffness validation 
To dynamically test stiffness in the y-direction, the folded leafspring constraining this 
direction is removed. The remaining leafsprings constrain x and Rz direction and form 
with the base struts a flexural low hysteresis guiding for the chuck in the y-direction. In 
Figure 6.4, the principle of the test of stiffness is shown. 

 

Figure 6.4: Principle of test of the stiffness of the x and y-struts. 

A Voice Coil Actuator like in Figure 5.11 was attached to the chuck at the same height as 
the centre of the reticle, on equal distance from each y-strut. It is used to excite the chuck 
with a drive offset from the axes of reaction as small as possible. The velocity of the 
reticle was measured with a laser vibrometer aimed at the middle of the reticle side wall 
through a hole in the chuck. For the measurement in the x-direction, folded leafsprings 
were rearranged to create a guiding in the x-direction. Then the VCA shown in Figure 
5.11 was used. In both Figure 6.5 (a) and (b), the first peak is visible at the expected 
frequency, around 47 Hz, which is the rigid body mode of the chuck and reticle on the 
flexural guiding. Right of this peak, the -2 slope corresponds with the mass of the chuck + 
reticle (2.05 kg). In x-direction (Figure 6.5 (a)), a first anti-resonance (zeros) is visible 
around 1170 Hz. Then poles are visible at 1190 Hz. This zero/pole behaviour is likely 
caused by the stiffness of the x-strut. Therefore, decoupling of the reticle in x-direction is 
assumed at 1170 Hz. In y-direction (Figure 6.5 (b)), poles are visible around 1700 Hz. 
Therefore, decoupling is assumed at 1700 Hz. Zooming in on this decoupling in x and y-
direction between 700 and 2300 Hz, the magnitude plots are shown in Figure 6.6, as well 
as the effect of variation of the vacuum preload of the struts on the reticle. This is 
particularly relevant for the settling phase of the acceleration trajectory, where vacuum 
preload might be reduced by control forces. It is shown that a reduction of preload from 5 
to 3 N has negligible influence, while the stiffness of the clamp reduces significantly for 
lower vacuum preload values of 1.6 N. Because preload is not expected to be reduced to 
below 3 N at any moment, the stiffness loss can be assumed negligible.  
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Figure 6.5: Bode diagram for the x & y-direction. 

 

 

Figure 6.6: Close up of the magnitude plot of the bode diagram for the x-direction (left) and y-
direction (right). 
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The stiffness with vacuum preload of 5 N corresponds with a stiffness in x-direction of 
cclamp,x =1.5*107 N/m and for the y-direction of cclamp,y = 3.1 *107 N/m. The clamp in x-
direction has a much lower stiffness because there is only 1 strut present in x-direction, 
compared to two y-struts for the y-direction. The FRF-measurement was analyzed with a 
FEA analysis and is shown in Appendix F. 
 
The stiffness measured is about 30 % of the requirement. However, a large series of 
possible stiffness improvements are identified.  

6.2.1 Stiffness improvements of the clamping struts 
1. In Section 3.8.7, the chuck interface of the struts is shown. It is made of 

Aluminium, because originally it was supposed to be glued in an aluminium 
chuck. Using an SiC chuck interface would significantly increase stiffness in this 
part of the stiffness train.  

2. Use an SiC chuck instead of an Aluminium chuck increases stiffness from 
actuator to strut connection proportional to the ratio of the Young’s Moduli of the 
two materials. 

3. The chuck ring that was glued into the frame might have caused a significant 
stiffness loss. As shown in Figure 5.11, the glue channel consists of one hole 
above and one hole below the chuck ring. It is possible that the glue did not fill 
the entire groove. This glue step might be improved, for instance by adding glue 
channels.  

4. Adding 3 or 4 patches with a height of 1 μm on about 30° from below in the 
socket of the spherical joint would result in a more deterministic landing of the 
ball in the socket. This might increase stiffness in the spherical joint significantly, 
and meanwhile is likely to reduce the clamping induced reticle deformation. 

5. Contact stiffness between reticle and strut might be increased by lapping the 
contacts (Section 3.6.3) 

6. Contact pads have a height of 0.3 mm. 0.1 mm should be enough, increasing 
stiffness significantly.  

7. Thickness of the struts might be increased to increase stiffness. However, this 
comes with the penalty of a significant increase in mass of the struts, especially 
for the x-strut because of the presence of the balance mass. 

8. Replace the complex glue step described in Section 5.2.5 by an end stop included 
in the SiC bushing. This end stop might be ground with a low roughness for high 
stiffness. The stiffness contributor of the glue step is currently quantified at 
6.2*108 N/m.  

9. In parts 2 of the tungsten carbide struts, four instead of two holes were 
unintentionally machined, shown in Figure 3.49 (b) and (d). Using two holes 
improves the stiffness significantly. 

10. In strut part 1, the 5 grams saved should be reinstated. This increases stiffness of 
the tungsten carbide part from 1.1*108 to 1.15*108 N/m. Mass increase relative to 
the 2 kg of the SSRS is negligible. (see Section 3.12) 

11. The hinges thickness might be increased. For proof of concept, a tungsten carbide 
grade of Young’s Modulus of 510 GPa was used. A test could be performed to 



Chapter 6: Reticle clamping performance validation 95 
 

 

use GC10, enabling 630 GPa Young’s Modulus. This increases strut stiffness by  
10%. However, this also might adversely influence reticle pattern deformation, 
which should be rechecked. Influence on reticle clamping deformation needs to 
be rechecked. (see Section 3.12) 

12. The connection between the two strut parts is currently glued. A stiffer option 
might be to braze the parts together. 

13. Finally, the preload between ball and socket can be increased in spherical joint, 
as high as the spherical aerostatic air bearing allows. (Section 4.3) 

 
In above enumeration some stiffness contributors can be eliminated for a next prototype. 
Stiffness loss due to points 1, 8, 9 and 10 could be minimized with relatively little effort. 
This is estimated to increase the stiffness from 1.5*107 N/m to 2.35*107 N/m. Further 
stiffness increase is required, which is expected to be realised with the improvements 
stated in the other points. 
 

6.2.2 Resulting natural frequencies of short stroke reticle stage 
Although clamping stiffness is far below the targeted stiffness, the resulting dynamics of a 
short stroke reticle stage are not necessarily impacted by the same magnitude. In fact, it 
was found that the dynamics of the SSRS are far less affected as expected. This is shown 
in Appendix G. The dynamic analysis using the measured stiffness of the struts produces 
a natural frequency in y-direction of 1700 Hz and in x-direction of 1820 Hz.  

6.3 Reticle clamping out of plane deformation 
Reticle clamping induced out-of-plane deformation is an efficient and accurate way to 
validate performance of the clamping test setup.  

6.3.1 Measurement method 
To validate performance of the clamping concept, out of plane deformation of the reticle 
was measured. Because nanometre resolution and low measurement noise and drift are 
required, a Twyman-Green type laser interferometer from Trioptics® μphase® 1000 was 
used. It was also considered to use a Zygo VeriFire 1000®. The absolute accuracy of this 
Michelson interferometer is higher, however transportation of the interferometer is not 
allowed and measurement hours are costly. A Twyman-Green interferometer is a 
modified Michelson interferometer. Here, the beamsplitter is separated from the reference 
surface. The advantage of this configuration is that both interferometer arms can be 
modified independently. Contrary to the beam shaping optics for Fizeau interferometers, 
thses optics do not require an expensive Fizeau surface as final surface. Abberations of 
these additional optics can be easily calibrated. The measurement wavelength is 632.8 nm 
and P-V repeatability is λ/400.  
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Figure 6.7: The Trioptics® μphase® Twyman-Green interferometer.  

 
High availability and transportability led to the choice to use the Micro-Optics® μphase 
1000 for the measurements. In Figure 6.8, the principle of measurement is shown. The 
sequence described here is shown in Figure 6.9. The reticle clamp is turned on. The laser 
interferometer is nulled: the reticle surface shape measured by the interferometer is set to 
zero deformation in the dedicated Micro-Optics® software. Then, the reticle clamp is 
turned off by gradually decreasing vacuum preload to 0, in approximately 10 seconds. In-
plane position of the reticle was measured with three Philtec® sensors, as shown in Figure 
5.5. The displacement of the reticle during an experiment of the clamp release with 
gradual decrease of vacuum is shown in Figure 6.9.  
 

 

Figure 6.8: Principle of measurement with laser interferometer. 
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Figure 6.9: clamp release, gradually decreasing vacuum pressure to 0 of the x-strut (from t = 9 s), 

then, both y-struts release the reticle (from t = 25 s) and finally the z-struts (not visible). 

As can be seen, although the pressure is decreased over 10 seconds, the displacement of 
the reticle occurs a bit faster. The clamp fix-and-release strategy described is also used for 
the out-of-plane deformation measurements of Section 6.3.2. The clamp sequence is 
reproducible and reticle displacement during decrease of vacuum pressure can be 
regulated with an accuracy of about 1 μm. The release end distance at zero vacuum 
pressure is not controllable, as it depends on the vacuum cup forces of the x and y-struts. 
 
 
 

      

(a)      (b) 
Figure 6.10: Measurement frame for suspension of the laser interferometer (a) from outside and 
(b), inside the measurement frame, with the objective lens of the interferometer in the middle of 

picture. 
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 The lower these forces, the smaller the distance the reticle travels when vacuum preload 
is decreased to 0. The frame of the laser interferometer is designed with thermal centre in 
the centre of the laser interferometer. Three folded leaf springs with folding lines at the 
centre of mass of the interferometer constrain the in-plane degrees of freedom. They 
allow for angular alignment of the interferometer with the reticle surface area. The feet, 
three rods of diameter of 30 mm are fixed to the breadboard. At the upper end, thread is 
glued in them. On this thread, two M6 nuts per rod are used to fix and adjust the height, 
tip and tilt of the triangular base plate. Drift measurements were performed, to determine 
the uncertainty and noise in the measurements of the reticle deformation. The laser 
interferometer was suspended in the measurement frame above the reticle, fixed to the 
breadboard. The P-V drift was determined at 2 nm, when averaging five measurements 
with a time of 1 minute. The drift measurement result is shown in Figure 6.11. It should 
be noted that the folded leafsprings’ folding lines do not lie in the heart of the plate 
material. This reduces the stiffness in the in-plane direction by over a factor 4. 
Furthermore, the centre line of the triangular plate and the folded leafsprings do not 
coincide. Increasing the stiffness by solving these design flaws would further reduce the 
measurement noise and/or drift. However, for the tests described below, the drift 
measurement with a P-V of 2 nm was decided to be low enough to be negligible for the 
deformation measurements described below.  
 
 
 

 

Figure 6.11: Drift measurement showing a P-V of 2 nm drift over a minute.  

 



Chapter 6: Reticle clamping performance validation 99 
 

 

6.3.2 Out-of-plane deformation experiments and validation 
 

 

Figure 6.12: Deformation measurement due to clamping turned from on to off. 

Out-of-plane measurements focus on the pattern area of 132 x 104 mm. The upper plane 
deformation was measured. A single measurement of reticle out-of-plane deflection is 
obtained by subtracting the measurement data with the clamp fixed, from the data with 
the clamp released (Section 6.3.1).  

Figure 6.13: Fitted FEM deformation based on the measurement of Figure 6.12. 
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This is repeated for five to seven times. A measurement repeatability of 3.8 nm RMS was 
computed. The pattern deformation is obtained by repeating the measurement at nine 
locations (Figure 6.8). To measure on a different location of the reticle, the measurement 
frame was physically moved towards another location. Tip-tilt corrections of the 
individual measurements available in the dedicated software were turned off. After 
stitching the data, a tip-tilt correction was used. This way, the deformation at the three z-
struts was set to z = 0. The resulting deformation after the described data-processing is 
shown in Figure 6.12. The location of contact of the struts with the reticle is depicted by 
two thin lines. A torsional deformation is clearly visible, with the largest deformation in 
the lower right corner, towards the right y-strut. The deformation is not symmetrical over 
the x - axis, as in the upper right corner the deformation is roughly half of that in the 
lower right corner, and in opposite direction. The deformation was reproduced in a Finite 
Element Model (FEM) and depicted in Figure 6.13.  
Disturbance forces on the reticle at the location of the struts were added to accurately 
reproduce the deformation. The same FEM model of the reticle presented in Section 3.1.1 
was used. A fitting error of 4 nm RMS was computed by subtracting the measured 
deformation from the deformation of the FEM. This FEM fit will be used in Section 6.3.4 
to calculate the in-plane deformation of the pattern area, or the reticle clamping overlay 
error contribution. 

6.3.3 Focus error contribution  
 
Analysis of the focus error contribution is important, as the process window for optical 
lithography near or below the diffraction limit results in increasingly smaller focus 
budgets [43]. “Key targets in extending the NXT for 1x production include squeezing on-
product overlay to just 4 nm and the total focus budget to 60 nm.” [27]. The depth-of-field 
(reticle) is 16 times larger than the depth-of-focus (wafer), so around 800 nm [37]. One of 
the consequences of printing features near or below the diffraction limit is a change in the 
magnitude by which mask linewidth errors are reduced by lens reduction. Mask Error 
(enhancement) Factors or ME(E)Fs larger than 4 have been reported, essentially resulting 
in magnified linewidth variations of the mask onto the wafer. MEEF increases with 
increasing deviation from best focus [37]. Amongst others, MEEF is a reason to minimize 
deviation from best focus and therefore the focus error contribution of the clamping 
concept should be minimized as well. As a rule of thumb can be assumed, that 10 nm of 
out-of-plane deformation of the reticle, results in about 1 nm wafer focus error 
contribution [4]. In below figure, the focus error contribution due to the clamp induced 
deformation is shown. Over the full field, Rx and Ry rotations are used to acquire the 
lowest P-V error. In practice, this is done during reticle (re-)alignment. A focus error of 
3.8 nm (3σ) on wafer stage level was found. This seems to be within specification. 
However, because of the scanning action in the y-direction, the six DoF positioning 
functionalities of the RS and WS can also be used to reduce focus errors.  
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Figure 6.14: Calculated focus error contribution P-V= 6.5 nm (WS), or 0 +/- 3.8 nm (3σ). 

 

 
Figure 6.15: Calculated focus error = P-V 2.7 nm (WS), or 1.2 nm (3σ) with Reticle Shape 

Correction (RSC) (z & Ry, 200 Hz). 

A further reduction of the focus error contribution of the clamping with RSC is shown in 
Figure 6.15. It is not exactly known what the current specification for the focus error 
contribution is, but the focus error contribution of P-V of 1.2 nm is not expected to pose a 
problem, because the total focus budget is estimated at 50 nm. 
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6.3.4 Extrapolation to in-plane deformation 
The in-plane deformation is extracted from the fitted FEM model shown in Figure 6.13. 
Exposure tool suppliers developed algorithms to achieve tighter process overlay control 
by reducing systematic higher order errors and wafer to wafer overlay variations. These 
algorithms called Gridmapper were first featured in ASML TWINSCAN XT: 1900i 
scanners. Nowadays Gridmapper Intrafield Higher Order Process Correction (iHOPC) is 
commonly used. A correction on the extracted in-plane-deformation was applied using a 
correction algorithm of the NXT 1950i, provided by ASML. No scanning elements were 
used in the correction. The resulting pattern deformation is shown in Figure 6.16. This 
error can be regarded as reticle clamp induced non correctable deformation or non 
correctable error (NCE) [52].  
 

 

Figure 6.16: Calculated clamp induced non correctable deformation, based on fitted FEM model 
on measurements. iHOPC corrections were applied, with static lens settings 

 
The resulting NCE is within specification and shows the potential of the reticle side wall 
clamping concept. On the next page, in Figure 6.17, an iHOPC correction with scanning 
lens elements is applied. It is found that the clamping induced NCE is 0.02 nm. This 
would mean 0.2 nm (current clamping induced overlay error) might be subtracted from 
the overlay error. This is a very promising result. 
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Figure 6.17: Calculated clamp induced non correctable deformation, based on fitted FEM model 
on measurements. iHOPC corrections were applied, with scanning lens elements 

 

6.3.5 Discussion and improvements 
 
Because of the kinematic clamping, by definition, only low order reticle deformations can 
be introduced. These low order deformations can be accurately corrected for in the 
current high end wafer scanners.  
 
The result of this simple principle is a low NCE, which can practically be neglected, 
relative to the 0.28 nm specification. However, some improvements are possible, and 
some aspects have to be further investigated. 
 

• Adding three or four patches with a height of 1 μm on about 30° from below in 
the socket of the spherical joint. See Section 3.12, point 4. This makes sure, the 
ball section lands more deterministically in the socket, which will likely decrease 
reticle deformation. 

• The vacuum cup seal might be placed backward a few tens of micrometers to 
reduce disturbance forces into the reticle. Hysteresis within the contact of the 
vacuum seal and the reticle will likely be reduced. 
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• Compatibility of Reticle Shape Correction (RSC) with intrafield Higher Order 
Process Correction (iHOPC) algorithms should be investigated. Both correction 
algorithms employ reticle stage and wafer stage positioning adjustments for 
corrective actions. The applied corrections in the above calculations to reduce 
focus error and pattern deformation might be contradictive.   

• Fading errors resulting from applied corrections should be quantified. 
• Furthermore, more reticles should be tested as this is a result from the clamping 

error measured with one reticle. 
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Chapter 7: Conclusions and 
recommendations 

7.1 Conclusions 
The progress in semiconductor manufacturing motivated the research work described in 
this thesis. The high accelerations associated with high performance high-precision 
optical microlithography systems induce non-correctable deformation of the reticle due to 
clamping and the acceleration forces. In this work, a reticle clamping concept was 
investigated to avoid unpredictable deformation due to acceleration force transfer via 
friction. It uses deterministic kinematic clamping struts instead of currently used 
membranes to constrain the in-plane degrees of freedom of the photomask or reticle. Due 
to the six discrete clamping interfaces, the reticle can only be deformed into a lower order 
shape, which is well correctable in state of the art microlithography systems. The reticle 
clamping concept was designed for accelerations of up to 400 m/s2 and a non-correctable 
reticle deformation of less than 0.28 nm on wafer stage level. Stiffness of the reticle 
clamp was targeted to allow for an in-plane closed loop control bandwidth of at least 400 
Hz. This means that all undamped natural frequencies of the short stroke reticle stage 
should lie above 2000 Hz. 
For the absorption of reticle tolerances, the concept of a spherical joint is used. Through 
simulations of in-plane reticle deformation due to preload between clamping interfaces 
and the reticle, locations of the struts were determined, as well as the maximum preload 
of 4 N. Because this preload is not enough to accelerate the reticle in both + and – y-
direction, two concepts for reticle acceleration are proposed. The design of one of these 
concepts is presented. The introduction of the measurement of the position of the reticle 
during scanning and exposure results in lower temperature stability requirements for the 
short stroke reticle stage chuck compared to the state of the art metrology concept. Lower 
resulting chuck mass has been included in the stage concept.  
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The design of the spherical aerostatic joint within the clamping struts was validated to 
have a load capacity of up to 9 N for air gaps of 5μm, which is twice the required load 
capacity. The stiffness of the air-film was sufficient at over 3*105 N/m. Reproducibility of 
the spherical joints was demonstrated, to allow for reliable application in the intricate 
assembly of the clamping strut prototypes. A fully sealing vacuum cup was designed and 
realized, with a height of 1.1 mm to fit on the ball section of the spherical joint. With 
dimensions of 15 x 5.9 mm, it generates more than the required 4 N of preload per 
clamping strut. The tungsten carbide struts comprise a centre of mass placement to avoid 
unpredictable detachment of the reticles surface during acceleration. Flexural hinges 
allow for thermal expansion differences between reticle and chuck. The struts are 
designed for high stiffness and incorporate the spherical joint and vacuum cup. All 
clamping strut components and functionalities fit in a diameter of 15mm and a length of 
40 mm, due to integrated channelling of vacuum and compressed air.  
 
After assembly of the strut, functionalities of the vacuum cups and spherical joints were 
validated to be within specification and stiffness was measured. The vacuum cups meet 
the specification of a seal compression force of less than 0.2 N to ensure 4 N of vacuum 
preload. The aerostatic spherical joints all exhibit 5 μm air-film heights at a preload of 4.5 
N resulting from a supply pressure of about 3.5 bar. 
 
A test setup was designed and realized to investigate and improve the reticle clamping 
procedure. Reproducible clamping has been routinely achieved, and clamping induced 
out-of-plane deformation measurements were performed. The out-of-plane deformation is 
highly reproducible. The clamping induced non correctable error is within specification at 
0.12 nm (WS) after correction. With higher order correction using scanning lens elements 
in the optical column of the lithography system, the non correctable error would reduce 
even further to below 0.02 nm. A clamping induced focus error contribution of 1.2 nm 3σ 
can be achieved. Although the targeted stiffness has not been achieved, the stiffness of the 
clamp in x-direction is 1.5*107 N/m and in y-direction 3.1 *107 N/m is very promising, 
with a large number of possible further improvements identified. When analyzing a 
representative short stroke reticle stage concept, it is shown that the two lowest undamped 
natural frequencies lie at 1700 Hz and 1820 Hz. Finally, the concept entirely eliminates 
reticle slip and is likely to reduce reticle heating overlay error contribution. 

7.2 Recommendations 
A large number of enhancements have already been proposed to increase the reticle clamp 
strut prototype stiffness. Separate tests are advised, to quickly quantify and enhance 
stiffness contributors. During acceleration of the reticle, contact preload is 70 N for each 
y-strut. However, during exposure of the reticle, strut contact preload is 4 N. Tests might 
be performed to assess the reticles behaviour due to these frequent contact preload 
variations in the y-direction. Furthermore, lifetime tests of the clamping struts should be 
performed, as well as tests validating robustness for stage accelerations of much higher 
accelerations due to unintended crashes. 
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7.2.1 Reticle Stage impact 
A new reticle clamping concept is likely to have a major impact on the system 
architecture of the entire reticle stage. Below, a few of the expected consequences are 
explained. 
 
The reticle side wall clamping might be implemented in a state-of-the-art short stroke 
reticle stage by replacing the current clamping with side wall clamping. However, several 
adjustments need to be made to the stage due to the nature of the side wall clamping 
concept. 
 
With the currently used reticle clamping concept, coarse alignment is done on alignment 
markers during reticle loading. When the reticle is aligned to within about 10 
micrometers, the reticle is lowered onto the clamping structure of the short stroke reticle 
stage. This way, tolerances of the pattern placement of ± 0.4 mm on the reticle are 
unimportant. However, the situation is different with reticle side wall clamping. With 
every reticle now being clamped on the same location with the chuck, the patterns 
position with respect to the SSRS varies with each reticle. The actuators of the short 
stroke reticle stage are high accuracy Lorentz actuators, which are only used around their 
equilibrium position. Furthermore, the stroke of these actuators is likely to be smaller than 
0.4 mm. Preferably, the long stroke actuators with somewhat lower accuracy due the 
larger stroke could absorb these pattern placement tolerances.  
 
A precondition of the thesis was to use metrology directly measuring the position of the 
reticle pattern. This way, the reticle clamping struts are not required to be thermally 
insensitive or compensated. A sensor type could be used that would reflect on the reticle 
side wall [5] and e.g. have a measurement uncertainty of less than 0.5 nm. Fine alignment 
of the reticle with markers on the wafer stage would be done in the conventional way, and 
when alignment has completed, the Zygo sensors monitor the position of the reticle. 
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Appendix A: Material Properties 
 
For SiC, a large range of suppliers with different types of SiC exist: Boostec, Ceratec, 
ESK, M cubed Technologies, Ceradyne, Gimex etc. For example: ESK produces more 
than 6 different grades of SiC. One of them, EKasic® C is shown below. Furthermore, the 
Tungsten Carbide grade used for the struts and the ball section are shown below. 
Supplier: Ceratizit, Alternative supplier: Element Six. 
 

 

  

Mechanical 
Properties 

CTS30 
 

struts 

GC10 
 

ball section 

EKasic® C 
Chuck 
design 

Aluminium  
6061-T8 

chuck 
Test setup 

reticle  

Material WC, 15Co WC, 6Co SiC Aluminum Quartz Unit  
Density  

(ρ) 
14100 14950 3100 2700 2180-

2200 
Kg/ 
m3 

Young’s 
Modulus  

(E) 

510 630 430 69 67-74 GPa 

Poisson’s 
Ratio  

(ν) 

0.23 0.22 0.17 0.33 0.16-
0.19 

.. 

Specific 
stiffness 

(E/ρ) 

36 42 138 25.9 30-33 GPa/
g/cm3 

Thermal 
Properties 

CTS30 
struts 

GC10 
ball section 

EKasic® C 
Chuck 
design 

Aluminium  
6061-T8 

chuck 
Test setup 

reticle  

Material WC, 15Co WC, 6Co SiC Aluminium Quartz Unit  
Coefficient of 

thermal 
expansion (α)  

5.7 4.7 3.8 23.6 0.55 10-6 

/K 

Specific heat 
at 20°C (cp) 

200 200 690 896 
 

767 J/kg K 

Thermal 
conductivity at 

20 °C (λT) 

100 100 130 154 1.31 W/mK 

Volumetric 
thermal 
stability 

(λT/(α ρ cp)) 

6 7 16 3 26 m2K 
/s 
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Appendix B: analytical model of spherical air bearing 
Calculation of parameters of the flow rate (Q), load capacity in direction θ = 0 (FN), 
pressure at inlet (Ps) and air gap height are required for design of a spherical air bearing. 
In [55] design guidelines are derived for spherical air bearings of the following type: 

 
Figure B. 1: Spherical bearing as calculated (courtesy of [55]). 

 
The used formulae are taken from [55]. Pressure at inlet can be described as: 
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Where 
cd = coefficient of discharge    .. 
d0 = diameter of orifice                m 
η = viscosity of air     μPas 
Rgas = gas constant     J/mol/K 
T = temperature                           K
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h = air gap height                        m 
γ = specific heat ratio of air    .. 
Pd = inlet pressure              Pa 
Ps= supply pressure              Pa 
Pa = atmospheric air pressure    Pa 
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Where  
Wr1 = load capacity of region 1    N 
Wr2 = load capacity of region 2    N 
RB = Radius of ball     m 
FN = preload force or load capacity in direction θ = 0 N 
 
Stated integrals cannot be solved analytically. Therefore a numerical solver (quad) has 
been used in MATLAB®. 
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Appendix C: test setup for aerostatic spherical joint 

      

                      (a)                                                                     (b) 

(c) 

Figure  C. 1: Aerostatic spherical joint test setup (a) to test spherical joint proto-types (a) and (b). 
It was extended with a mass of 340 gram to investigate pneumatic instability, which was not 

observed. Dummy mass guiding is an air-bushing and connected by a stiffened rod.  
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Appendix D: vacuum seal mould 
 
 

 

 
 

Figure D. 1: Mould for seal production for x- and y-strut. 
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Appendix E: tests of detachment of reticle from strut 
 

 
(a)                                                         (b) 

 
Figure E. 1: Varying vacuum pressure results in a displacement of the reticle from the strut (a) 

and (b) the vacuum seal of the strut is in contact with the reticle while it translates in lateral 
direction. 

In Figure E.1, the principle of two tests is shown to investigate the actuator possibilities of 
the struts by regulating the vacuum pressure. It was found that μm displacement was 
possible by regulating vacuum pressure. The vacuum force, the seal force towards the 
reticle and the stiffness of the flexural guiding result in equilibrium, although the contact 
pads of the struts are not in contact with the reticle. Noise levels are smaller than 0.5 μm.  
 
 
 
 

 

Figure E.2: Results from test shown in Figure E.1 (a): vacuum pressure high results in docking, 
lowering the pressure carefully results in μm-displacement. Noise increase indicates detachment. 
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The lateral movement of the tungsten carbide struts should be lower than the maximum 
allowed movement in order not to touch the end stops and cause unpredictable behaviour. 
An aluminium block of about 3 x 3 x 3 mm was attached to the head of the y-strut. An 
inductive sensor was used to measure the lateral deflection of the strut head with sub-μm 
resolution. It was found that with a lateral movement of the reticle of 30 μm, the head of 
the strut moved 11 μm. For a lateral movement of 5 μm of the reticle, 0.5 μm was 
measured. In Figure E.3, the design and realization is shown. This design was optimized 
for availability of milling machines.  
 
 
 

 

Figure E.3: 1 DoF docking test setup to investigate displacement of the reticle perpendicular to the 
struts, while in contact with the vacuum seal. 

10 um
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Appendix F: Analysis of dynamic measurements 
Before realization, a Finite Element Analysis (FEA) of the measurement setup of Section 
6.2 was made. To validate this model and to use it in Appendix G, the frequency response 
function (FRF) of the dynamic stiffness measurement of Section 6.2 was plotted together 
with the FEA model in Figure F.1. To generate this FRF in ANSYS®, a modal analysis 
was done first. With the modal analysis, all mode shapes below 2800 Hz were generated. 
In Figure F.2, these mode shapes are presented. Subsequently, a harmonic response 
analysis was performed using 220 solution intervals between 650 Hz and 2850 Hz. "Mode 
superposition" was compared to the "full" solution and no difference was observed, 
because a constant damping ratio(0.003) over the frequency range was used. In the 
simulated FRF, a combination of zeros and poles is found at 980 Hz (A). From mode 
shape A in Figure F.2, is concluded that this is the torsion mode of both reticle and chuck. 
The significant mode (B) is found at 1170 Hz. It is clearly visible in both the measured 
FRF and in the FEA-FRF. It is the decoupling mode of the reticle in x-direction with an 
out of plane reticle bending mode. At 1240 Hz (C), the reticle rotates around Rz while the 
chuck exhibits a shear mode shape. At 1300 Hz, a reticle bending mode over the y-axis is 
found, also visible in the FRF (D). After this decoupling mode, the fit misses zeros and 
poles of the measured FRF (E). 

 
Figure F.1: Both simulated and measured FRF in the x-direction, plotted together. Labels A to H 

refer to mode shapes from Figure F.2. 
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(A, 980 Hz)                           (B, 1170 Hz)                         (C, 1240 Hz) 

    
(D, 1300 Hz)               (E, 1700 Hz)                                  (F, 1950 Hz) 

   
          (G, 2140 Hz)                          (H, 2336 Hz)                                              

Figure F.2: Overview of mode shapes present in FRF measurement for x-direction. 

In the FEA modal analysis however, around 1700 Hz a higher order reticle bending mode 
was found with the torsion mode of the chuck. This probably is the mode shape 
corresponding with the peak of the measured FRF. At 1950 Hz, the reticle decouples from 
the chuck in y-direction (F). Two higher-order reticle bending modes are found at 2140 
Hz and 2336 Hz respectively. In Figure F.1, these are marked with (G) and (H). 
In the y-direction, the FRF looks less complicated (Figure F.3). Three modes stand out. 
The first, (A) can be distinguished at 1280 Hz. It is the decoupling of the reticle in x-
direction. The right side (Figure F.4) of the chuck shows almost no x-translation, while 
the left part of the chuck bends in phase with the reticle. The decoupling of the reticle in 
y-direction causes the second mode, at 1730Hz. Finally, the mode shape associated with 
the poles at 2230 Hz is the reticle again moving in x-direction, while the chuck shows an 
in-plane-bending mode. Now, the right part of the chuck is the moving part, in anti-phase 
with the reticle. With the contents of the FRF identified, the stiffness of the clamping 
struts was fitted to FEA. To adapt the struts stiffness to the measured values, two methods 
were used. A first method comprised adapting the stiffness of the struts in the FEA by 
adapting the Young's Modulus of the strut parts. 
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Figure F.3: The simulated FEA-FRF and the measured FRF in the y-direction. 

In the second method, a spring was used between reticle and a strut, and its stiffness was 
varied. Comparing both methods resulted in negligible differences in the FRF. 
The struts stiffness used in above fitted FEA-FRF's was used in the computation of an 
FRF of the stage architecture. 
 

       
(A, 1290 Hz)                           (B, 1740 Hz)                         (C, 2230 Hz) 

Figure F.4: Overview of mode shapes present in FRF measurement for y-direction. 
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Appendix G: Stage concept with time varying preload 
The concept for acceleration in the both +y and -y-direction of 400 m/s2 was shown in 
Section 2.2. Below, the concept is shown again. The struts cannot pull on the reticle with 
a force larger than 2 N, due to the vacuum preload of 4 N and a margin of 2 N. However, 
70 N per y-strut is required for the acceleration of the reticle. To this end, the above 
concept was developed. It allows for acceleration in both positive as negative y-direction. 
Further requirements include allowing for reticles with length tolerances of ± 0.4 mm, and 
minimizing deformation of the reticle. On the next page, in Figure G.2, the concept design 
is shown. 
 
 
 
 
 
 

 
Figure G.1: concept of acceleration in both +y and –y-direction. 
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Figure G.2: Concept design of stage concept with a preload body. Top view and side view visible. 

Height of reticle pattern was specified at 15 mm. 

 
As shown in Figure G.2, and in more detail in Figure G.3 and Figure G.4, a preload body 
is added which houses two additional y-struts connecting to the reticle. Furthermore, a 
reluctance mover is added to the frame (left in Figure G.3) for high acceleration forces, as 
well as three magnet assemblies for Lorentz actuators. Design space and mass is reserved 
to add gravity compensators and z-actuators, for 6 DoF control. In the next section, some 
more explanation is provided about the actuation by means of reluctance actuators in 
combination with Lorentz actuators.  
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Figure G.3: Exploded view of short stroke reticle stage with preload body. 

Actuator concept 
In Figure G.3, both reluctance actuators and Lorentz actuators are shown for the y-
direction. The force of the reluctance actuator is highly non-linear, but can be estimated 
by a flux sensor, described in [24]. With this method, predictability of the force is > 90 %. 
The unpredictable part of the actuator force can be seen as disturbance force. The 
reluctance actuator is used to accelerate the stage and reticle. When approaching the 
moment of exposure, the actuator is turned off, with a 4th order profile. When turned off, 
the disturbance force caused by reluctance actuator also approaches zero. By using the 
Lorentz actuators, the stage is controlled towards its setpoint within the settling time. The 
Lorentz actuators have the coils on the long stroke, and the magnets on the short stroke. 
These are incorporated into the side walls of the chuck. They are visible in Figure G.3.  
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Preload body  
 

 
 

Figure G.4: Exploded view of the preload body with suspension. 

 
The boomerang shaped preload body is an SiC frame, containing two y-struts. It houses a 
small reluctance mover and provides space for 2 c-cores, one for each side of the mover 
(Figure G.5). The guiding consists of a leaf spring, two struts, and an I-profile beam with 
a hinge on top of it. This hinge prevents over-constraining the preload body’s Ry 
direction. The stiffness of the guiding amounts to approximately 10 N/mm. The reticle 
length is 152 mm +/- 0.4 mm. Compensation of the necessary force to overcome this 0.4 
mm can be achieved by proper control of the current through the c-cores. The two struts 
and the beam form a bridge over the volume claim of one of the two c-cores of the 
reluctance actuator. 
 

preload body

reticle clamping strut

leaf spring

struts

I-profile

cover plates (5x)
reticle clamping strut

hollow support
box

support box
cover

reluctance 
mover



 
Appendix G: Stage concept with time varying preload 

127 

 

 

 

Figure G.5: Bottom view of the stage design. Design envelopes of the mover and coil assemblies of 
the variable reluctance actuator are denoted, as well as the z-actuator with gravity compensator. 

Dynamics  
The stiffness of the struts as computed in Appendix G was used for the FEA analysis of 
the stage concept. The mode shapes of the stage architecture are shown in Figure G.6. The 
reticle decoupling occurs in y-direction and x-direction at 1700 and 1830 Hz respectively. 
In an eventual stage, modes A, B, E, F and I would be highly damped reticle bending 
modes in which the chuck acts as a rigid body. The damping is achieved by squeeze film 
damping. This is achieved by aligning the reticle to a distance of 0.02 mm between the 
reticle and the area on the chuck in which the z-struts are placed. At 2130 Hz, the preload 
body shows a translational x-frequency in counter phase with the reticle. At 2270 Hz, the 
chuck’s bending mode is visible. 
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(A, 840 Hz)                           (B, 1080 Hz)                  (C, 1700 Hz, y) 

                  
(D, 1820 Hz, x)                     (E, 1825 Hz)                           (F, 2013 Hz) 

               
(G, 2130 Hz, Rz)                     (H, 2270 Hz)                           (I, 2380 Hz) 

 
Figure G.6: Mode shape below 2400 Hz.  

In Figure G.7, the transfer functions in both x and y directions are shown. The -2 slope is 
clearly visible as well as the reticle decoupling modes.  
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Figure G.7: Frequency transfer functions computed with FEA model of stage architecture. 

It is expected that after implementing mentioned possibilities for further stiffness 
improvements (Section 7.2), the decoupling frequencies can be increased to 2000 Hz or 
higher.
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Geert-Jan Naaijkens,  
 
Boxtel, april 2013 
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