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Summary

Active wafer clamp control of wafer heating effects
in extreme ultraviolet lithography

In the quest for ever faster and more efficient integrated circuits, many technologi-
cal challenges present it self. Especially so in the photolithographic processes that
take place in the production of such circuits. For example, exposure of the substrate,
i.e. the wafer, requires extreme accuracy regarding positioning of the exposed area
with respect to the image. The performance of a photolithography machine can be
partially characterized in terms of overlay and focus errors at wafer level, i.e. in-
and out-of-plane positioning errors with respect to the aerial image. These errors
are generated from various sources such as contamination of the wafer clamp, burl
wear, and heating of the reticle, mirrors and wafer. For example, due to contamina-
tion of the clamp, a particle may end up in between the burl and the bottom side
of the wafer such that the wafer will be slightly deformed very locally, resulting in
overlay and focus errors. Similarly, burl wear creates inhomogeneity in the height
of the burls which also results in local deformations of the wafer. Furthermore, due
to exposure, the components in the optical path, e.g. the reticle, mirror and wafer,
will heat up and experience thermal expansion which results in overlay and focus
errors. To improve performance of the lithography tool in terms of overlay and fo-
cus errors with respect to these and other sources, an active wafer clamp (AWC) is
proposed.

Using the AWC concepts discussed in this thesis it will be possible to directly and
locally deform the wafer in such a way that overlay and focus errors can be reduced.
This is achieved by placing an array of tens-of-thousands of micro-actuators below
the wafer, that can each apply forces in the in- and out-of-plane directions. Due
to the highly dynamic nature of the exposure induced wafer deformations, wafer
heating effects are deemed one of the more challenging sources of overlay and fo-
cus errors that the AWC needs to reduce. Hence, in this thesis we aim to design a
controller algorithm for the AWC concept, such that thermal induced wafer defor-
mations, i.e. wafer heating effects, are reduced. At the same time, we aim to reduce
the complexity of the AWC concept while maintaining significant performance im-
provements.

Existing solutions to reduce wafer heating effects include cooling of the clamp and
wafer and applying wafer stage and projection optics corrections. These correc-
tions are typically low frequent in the spatial domain and do not cancel the ther-
mal induced deformations entirely. Due to the large number of actuators in the
AWC concept, high spatial resolution corrections can be created. In this thesis we
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present a thermo-mechanical model of the AWC. This model describes the thermo-
mechanical behavior of the AWC during exposure as well as actuator influence func-
tions.

Using the expected thermal-induced wafer deformations and actuator influence
functions, an optimization problem is solved that computes optimal AWC actua-
tor forces such that the `∞ norm of the thermal induced overlay and focus errors
is minimized point-wise in time. The optimal actuator forces are then applied in
feedforward (FF) during exposure. Due to the large scale of the problem, a localiza-
tion is performed around the exposure slit which reduces the number of decision
variables by more than 80%. Furthermore, using the localized FF controller we are
able to reduce thermal induced wafer deformations by a factor 5 to 10.

To account for modeling errors we design an optimal generalizedH2 observer. This
observer uses noisy deformation measurements from the bottom of the wafer to
create an estimate of the surface deformations. Furthermore, the generalized H2
observer provides an upper-bound on the `∞-norm of the estimation error. The
optimization problem that is solved in the FF controller, is then used to calculate
optimal actuator forces based on the estimated wafer deformations to create a feed-
back loop. This way performance is improved in the presence of model errors and
input disturbances.

Finally, based on achievable overlay and focus performance with the AWC, we are
able to make a number of design recommendations regarding the concepts. For
example, the initial number of actuators can be reduced by more than 70% while
maintaining acceptable performance. Using the achievable performance in the de-
sign process will lead to better motivation of decisions and result in possibly better
prototypes.
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Chapter 1
Introduction

Abstract - In this chapter the problem that lays at the basis of the research outlined
in this thesis is introduced. First of all a brief introduction in manufacturing of inte-
grated circuits is provided as well as the role of extreme ultraviolet lithography in this
process. Next the active wafer clamp concept is introduced and motivated together
with an overview of earlier comparable work. Finally the research questions treated
in this thesis are presented and discussed.

1.1 Integrated circuits

In our day and age of technology it is almost hard to imagine that there was ever a
time without LED television sets, game consoles, PCs, laptops, tables, smartphones
etcetera. Furthermore, these devices are compressing ever more storage and com-
putation power in a compact format. So much so, that the latest high-end smart-
phone, has approximately 3,000,000 times more RAM memory than the guidance
computer that took Apollo 11 to the moon in 1969 [1]. The multiple CPUs inside the
phone are all approximately 50,000 times faster than the single one in the Apollo 11
computer. Furthermore, the latter weighed in at a back breaking 32 Kg [2] while you
hardly notice carrying your phone around. This is all made possible thanks to the
shrinkage of the components on integrated circuits (ICs) or so-called chips.
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2 Chapter 1. Introduction

Figure 1.1: Schematic overview of the chip manufacturing process. (Courtesy of
ASML Netherlands B.V.)

1.1.1 Manufacturing of ICs

The trend of the increasing number of transistors and other components on an IC
was observed in 1965 by Gordon Moore. His observations let him to predict that
the number of transistors on an IC doubles approximately every year [3]. After
re-evaluating his prediction in 1975 he restated his prediction as a doubling of the
number of transistors on an IC every two years [4] which is now known as Moore’s
law. Over the last 50 or so years, this prediction has become more or less self-
fulfilling with chip manufacturers “chasing” Moore’s law.

The chip manufacturing process consists of many different steps that are iterated
multiple times, as illustrated by Figure 1.1. First of all a silicon boule is sliced up
into multiple wafers. The wafers then go through the cycle of, material deposition,
coating, exposure etc. multiple times to built up a chip in multiple layers. After the
final layer is created the wafer is sliced up into individual chips which are packaged.

The crucial step in this process is the exposure of the silicon wafer through opti-
cal lithography [5]. In optical lithography, a pattern of the desired IC is projected
onto the wafer surface with extreme accuracy. The smallest transistors that can be
created depend on the smallest pattern that can be projected accurately. This is



1.1. Integrated circuits 3

known as the minimum feature size, or critical dimension (CD), and is described by
Rayleigh’s equation

CD = k1
λ

NA . (1.1)

Here k1 is a constant that encapsulates process specific parameters, λ is the wave-
length of the light used for the exposure and NA is the numerical aperture of the
projection optics. Hence, in order to improve the CD, theoretically, either the NA
should increase or λ or k1 should come down. Due to the diffraction limit, optically,
the k1 factor is limited to 0.25 [6][7]. In practice, several processing tricks such as
multiple patterning [8] have been invented to reduce k1 beyond the optical limit
and create smaller features. However these methods require multiple exposures of
the wafer, affecting the throughput, or affecting the number of wafers exposed in a
certain time frame. Using extreme ultraviolet (EUV) lithography, light with a shorter
wavelength λ allows smaller features to be created without the need of multiple pat-
terning techniques. By making the transition from the more traditional deep ultra-
violet (DUV) light to EUV the wavelength of the exposure light is reduced by a factor
of approximately14, from 193 [nm] to 13.5 [nm]. At constant k1 and NA this would
theoretically enable 14 times finer printing of components on an integrated circuit.
However, in practice k1 will change and also the NA is reduced from 1.35 for immer-
sion DUV lithography to 0.33 for EUV [9][10].

In Figure 1.2 an overview of a TWINSCAN EUV lithography machine is presented.
Roughly explained, the lithography process works as follows. A silicon wafer is
loaded and clamped onto the wafer clamp. On the left side, metrology equiment
measures the surface level and alignment of the wafer needed for accurate correc-
tions during exposure. The process of measurement and exposure takes place si-
multaneously in a so called dual wafer stage which improves overall throughput of
the machine. On the exposure side, a high power CO2 laser is used to create a tin
plasma that radiates EUV light. Through a system of optical elements, mirrors, the
light is focused onto the mask/reticle, which holds a pattern of the current IC layer.
The pattern is then directed through another series of mirrors to shrink the image
a factor of 4 before it is exposed onto the wafer surface through a curve shaped slit
which is called the exposure slit.
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Figure 1.2: ASML NXE3400 EUV lithography tool (Courtesy of ASML Netherlands
B.V.) with indicated components.

1.1.2 Overlay and focus error

Besides the CD and throughput of the lithography machine, there are two addi-
tional performance indicators that are used to characterize the quality of an expo-
sure, namely overlay (OVL) and focus errors. As explained in the previous section, a
chip is built up in many layers which means that the wafer is loaded and unloaded
into the lithography machine many times for exposure. Hence, in order to be able
to connect patterns on each layer correctly, alignment of a subsequent layer with
respect to the previous layer is crucial for functionality of the chip as illustrated in
Figure 1.3. Here the in-plane mismatch is known as the OVL error, and is character-
ized for all points in the exposure slit. In the left diagram in Figure 1.4, a graphical
representation of OVL errors is given in terms of the alignment of one focal point
(red) with respect to the ideal focal point (green). Secondly the uniformity of line
thickness or critical dimension uniformity (CDU) is important and this depends
partially on the focus of the projected image, see the right diagram in Figure 1.4. If
the image is out of focus, the maximum exposure intensity reduces and becomes
less localized [11] to which the photoresist responds differently than intended. In
this thesis we will concentrate on these two key performance indicators.
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The OVL and focus errors have many different causes. To name a few, once the
wafer is fixated on the wafer clamp the initial wafer surface is not perfectly flat,
positioning of the wafer is imperfect, contamination of the wafer clamp can cre-
ate distortions of the wafer surface, and the optical components absorb a certain
amount of heat which results in thermo-mechanical deformations that all manifest
in OVL and focus errors. Table 1.1, shows an overview of a number of disturbance
mechanisms and their estimated contribution to the OVL and focus error.

Lithography
process
(non-scanner)

Burl wear Contamination Reticle and
Mirror heat-
ing

Wafer
heating

Overlay ∼ 1 [nm] ∼ 1 [nm] ∼ 1 [nm] ∼ 1 [nm] ∼ 1 [nm]
Focus ∼ 100 [nm] ∼ 10 [nm] ∼ 10-100 [nm] ∼ 10 [nm] ∼ 10 [nm]

Table 1.1: Estimated contribution to overlay and focus error of different disturbance
mechanisms.

Figure 1.3: Overlay error between two layers

Figure 1.4: Overlay (in-plane) and focus (out-of-plane) error illustrated in terms of
projection focal point.
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1.2 Active wafer clamp

To improve performance of the next generation lithography scanners, requirements
in terms of OVL and focus errors are increased in a persistent manner and impose
considerable and persistent challenges on technology, engineering and science. As
shown in Table 1.1, the errors originate both inside and outside of the lithography
tool. The OVL and focus error are ultimately determined on the image plane, i.e. on
the wafer surface. Hence, in order to reduce the errors, it makes sense to actuate
at the wafer location where performance is determined. Furthermore, the wafer
is thinner and therefore easier to deform than the reticle and mirrors. Having said
this, the implication is that active wafer control becomes a control and optimization
problem that is localized in time as well as in space.

During measurements and exposure, the wafer is supported and held by the wafer
clamp via tens-of-thousands of burls, as illustrated in the left schematic of Fig-
ure 1.5. The burls reduce the contact area between the wafer and the clamp to ap-
proximately two percent of the wafer surface, which reduces the chance of wafer
contamination and improves wafer loading time. In the right schematic of Fig-
ure 1.5 a close-up of the wafer clamp is provided in which the burls are more clear.
Furthermore, in EUV lithography, the wafer is clamped electrostatically to the burls
and the clamp itself is electrostatically clamped to the short stroke of the wafer stage
(WS). For this, two electrodes are incorporated into the wafer clamp. Finally, note
that this clamp is passive in the sense that it cannot actively deform the wafer be-
sides the deformations resulting from the required clamping force. The idea to actu-

Figure 1.5: Left: Schematic overview of a wafer on the wafer clamp during exposure.
Right: Simplified schematic overview of the “passive” wafer clamp.
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Figure 1.6: AWC concepts, Burl actuation (Concept 1): burls replaced by 3-DOF
actuators; Embedded actuation (Concept 2): 3-DOF actuators embedded into the
clamp below the electrode.

ate directly at the wafer to reduce the mismatch between the projected aerial image
and the wafer surface, leads to the concept of an active wafer clamp (AWC). The
general concept of the AWC, means that an active layer of potentially multiple de-
grees of freedom (DOF) actuators is incorporated into the clamp, such that forces
in multiple spatial directions can be applied to the wafer.

The most straightforward adaptation to make the passive wafer clamp (the right
schematic in Figure 1.5) active, is by replacing each burls by a 3-DOF actuator. In
that case tens-of-thousands multi-DOF actuators need to be controlled. This con-
cept is called the burl actuation concept throughout this thesis and is presented in
the left schematic of Figure 1.6, where only the top part of the wafer clamp is drawn
for simplicity. A possible drawback of this concept is that the actuators are placed
in the electrostatic field that is used to clamp the wafer. This electrostatic field may
create undesirable behavior of the actuators. Furthermore, one of the functions of
the burls is to reduce the contact area between the wafer and the clamp. Hence,
when burls become actuators this places strict requirements on the permissible ac-
tuator volume.

To deal with the problem of the electrostatic clamping field, we consider a second
concept named the embedded actuation concept, in which a large grid of actuators
are embedded into the clamp below the clamping electrode, see the right figure in
Figure 1.6. In the schematic we also consider each burl to be uniquely related to a
3-DOF actuator. This concept has the additional advantage that the burls are left in
place and therefore the actuator volume may be larger in this area of the clamp with
respect to the burl actuation concept. This can help in finding suitable actuators
that meet the actuation requirements. Furthermore, as actuators may be wider than
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in the burl actuation concept, different actuator dimensions can explored such that
the total number of actuators can be reduced.

Finally, note that although in this thesis we discuss the AWC concept for EUV lithog-
raphy, the idea of an AWC would also be applicable for DUV lithography tools. The
major difference between the clamps in EUV and DUV is that in the latter the wafer
is clamped through vacuum rather than electrostatically and some other distur-
bances act on the clamp. The conceptual development of the AWC is similar in
both cases though.

1.3 Research objectives

The objective for future lithography tools is to reduce the costs per wafer and si-
multaneously improve the system performance. In this research we focus in par-
ticular on the performance in terms of OVL and focus errors. In part, the current
state-of-the-art reduces the OVL and focus errors by WS and reticle positioning and
applying lens corrections [12][13]. Regarding the AWC concept, we aim to inves-
tigate the possibilities of an AWC to enhance the lithographic performance. This
involves both the hardware design of active elements below the wafer, as well as its
control. This thesis focuses on the control and control configuration of the AWC
actuators, mainly in two design concepts presented in the previous section. There
is an obvious trade-off between resolution of control (the more actuators the higher
the resolution) and the complexity of the control algorithm that needs to drive the
actuators (the more actuators, the more complex the controller synthesis). Aspects
related to hardware such as actuator and sensor concepts are outside the scope of
this thesis and are treated in a dedicated research project.

As detailed in Table 1.1, OVL and focus errors can result from many disturbance
mechanisms. Some of the effects in Table 1.1 are static during the exposure of each
wafer. For example, burl wear or contamination of the wafer clamp deforms the
wafer at the moment that it is clamped and does not change until the wafer is un-
loaded again. Hence, by acquiring an accurate height map of the wafer surface prior
to the exposure (using the metrology equipment in the scanner), the AWC can de-
form the wafer to compensate the effect of the wear or contamination on OVL and
focus. The shape of the wafer deformation due to AWC actuation is referred to as
the “AWC correction” and can then be maintained until the wafer is fully exposed.
Therefore, burl wear and contamination are less interesting sources of OVL and fo-
cus errors from a dynamical point of view.
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On the other hand thermo-mechanical induced deformations of the wafer due to
exposure, i.e. wafer heating effects, are dynamic in the sense that the exposure
moves along the wafer and heats it up as the scan progresses. Furthermore, sub-
stantial heating of the wafer occurs on a millisecond time scale, whereas reticle and
mirror heating are much slower processes in the order of seconds to multiple min-
utes for the latter. Thermal conditioning to prevent these thermal effects is difficult
in EUV lithography due to the near vacuum environment in which the exposure
takes place. Also, in next generation lithography tools, with decreasing CD typically
the exposure dose will increase to maintain sufficient contrast in the aerial image
[7]. A higher effective dose on the wafer will result in increased thermal loads on
the wafer. Hence, correction of wafer heating effects requires intra-field actuation
and is considered the most challenging problem from a control perspective that the
AWC has to deal with. Therefore, in this research we focus on the correction of ex-
posure induced wafer deformations using an AWC.

In order to characterize the performance of the AWC, we require a measure to quan-
tify the OVL and focus errors. In this thesis we consider the OVL and focus perfor-
mance to be characterized by the worst-case deformation of the points under the
exposure slit. This is measured in amplitude sense as a measure that is persist-
ing over time, rather than averaged over time. Mathematically, this is given by the
amplitude or `∞ norm of the error signals that we discussed. This norm is a nat-
ural choice in view of the requirement to guarantee that two layers connect. How-
ever, we are aware that the `∞ norm may result in a slightly pessimistic performance
value, as in reality the actual image on the wafer is the result of the scan integrated
errors. Integrating the errors over the scan time averages out the outliers up to a
certain extend.

The difference between the two definitions can be made clear using Figure 1.7. On
the left side, the exposure slit is illustrated above a random point i on the wafer.
During the time that the exposure slit moves over this point (indicated by the ver-
tical dashed lines in the right figure), it is subject to a certain OVL and focus error
that is not necessarily constant, e.g. the “raw error” in Figure 1.7. However, the OVL
and focus error of the resulting image at point i on the wafer surface depends on the
average effect of all OVL and focus errors during the exposure time of the respective
point. This is known as the scan integrated error. In this thesis we consider OVL and
focus performance in the slit to be the largest absolute amplitude of the raw errors
taken over all points in the slit rather than the largest scan integrated error in the
slit.
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Figure 1.7: Scan integrated error and raw error.

The research question that captures the above into one is given as

How to efficiently control thousands of multi-DOF actuators in an active wafer table
concept so as to compensate in- and out-of-plane thermal induced deformations

incurred from spatial and temporal varying exposures?

with the following interpretations

• efficiently: computationally efficient such that real-time implementation of
the control algorithm may be feasible

• thousands: any number between 1,000-30,000

• compensate: as described before by minimizing overlay and focus errors, mea-
sured in terms of amplitude variations

• thermal induced deformations: wafer deformations due to exposure

• spatial and temporal varying : we consider the exposure slit while scanning
the wafer.

In order to answer this question, the following subquestions are defined:

Sub-question 1. How does a control relevant multiphysics model look to numeri-
cally simulate trajectories that are compatible with the AWC con-
cept?
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Sub-question 2. How can we control a large-scale system, with a large number of
possible inputs and outputs and a moving area of interest?

Sub-question 3. How can we utilize sensor information to reduce overlay and focus
errors in the AWC concept?

Sub-question 4. How can the AWC concept be designed such that performance and
architecture complexity are balanced?

1.4 Literature

The AWC concept has been considered an interesting solution to improve litho-
graphic performance in terms of OVL and focus for a number of years. In 2013,
the first AWC project was started with Steur [14]. In this work, the AWC concept is
used for compensation of focus errors on the edge of the wafer. These errors typ-
ically arise from residual mechanical stresses in the wafer after polishing together
with the effect of clamping forces on the wafer edge. To solve this issue, a finite ele-
ment model (FEM) was developed in Marc Mentat which is used to determine wafer
deformations, resulting from earlier mentioned effects. Furthermore, to compen-
sate these errors, a solution was proposed to actuate the six outer most burl rings,
divided into 32 sections, individually, together with single actuators around inho-
mogeneities in the burl pattern.

The research in this thesis succeeds the work described in [14], and is part of a larger
research project on the feasibility of an AWC concept. Besides the work in this the-
sis, ongoing research involves actuator concepts and mechatronic architecture. The
work related to actuator concepts assesses feasibility of different actuation prin-
ciples for the AWC concept. Furthermore, manufacturing and wiring of the large
amount of actuators is investigated as well as a calibration method that relies on the
self-sensing principle of piezo-electric actuators [15]. The research on mechatronic
architecture currently involves investigations regarding alternative AWC concepts
to the ones introduced in Figure 1.6 in order to reduce initial stresses in the table
and wafer due to the loading of non-flat wafers [16].

Earlier work on the topic of compensation of wafer heating effects is given in [17].
This patent discusses a method to predict thermo-mechanical deformations, and
adjusts exposure settings to compensate for the deformations. Other comparable
work is found in the field of adaptive optics (AO)[18]. Although in this field typically
mirrors are deformed rather than the image plane, there is virtually no difference
between the two. In this field typically wavefront errors are corrected by mechanical
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actuation of the mirrors [19][20], although [21] discusses the same principle using a
thermal actuator. A major difference between the AWC concept and the AO field is
that the in-plane mirror deformations are not relevant for the latter. Furthermore,
the wafer heating problem is much more deterministic than the typical AO problem
in which atmosperic disturbances are corrected. This makes makes feedforward
(FF) control interesting solution to the AWC problem.

In many other applications, thermo-mechanical deformations may be corrected in
a passive/non-active manner by choice of materials [22][23][24], or by thermal con-
ditioning [25][26][27]. With thermal conditioning the temperature of the object is
controlled to indirectly reduce deformations, e.g. [28]. Considering the lithogra-
phy application, especially the work of [19] and [29] is relatable, as they consider
deformable reflective optics in an EUV lithography machine. In [19] the aim was
to compensate thermal deformations using different actuation principles for an ac-
tive mirror. In [29], the actuator is assumed to be piezoelectric and more focus was
placed on the actual control of these actuators.

1.5 Scope of thesis

Although the problem of OVL and focus error reduction through AWC control is
very specifically related to the lithography application, the work in this thesis may
be relevant to other applications and domains. First of all an application which is
very similar in many aspects is that of the planar actuator [30][31]. In the planar
actuator, a slab of permanent magnets is levitated and positioned using a large grid
of coils. Similar to the problem of the AWC, the AOI (the location of the slab) moves
through space and time. Furthermore, only a small number of coils in the proximity
of the slab are required to be active in order to induce the required forces on the slab.

A similar problem presents itself in maglev trains. The track on which these trains
ride, consists of propulsion and levitation coils. The train itself is equipped with
superconducting magnets. As the train covers only a small section of the track, not
all coils of the track need to be active all the time.
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1.6 Overview of contents

The remainder of this thesis is organized as follows. Chapter 2 addresses sub-question
1 by discussing the modeling of the thermo-mechanical behavior of the AWC con-
cepts, as well as the actuator behavior and the WS and POB corrections. Further-
more, we introduce a simplified model of the AWC in the form of a 2D beam, which
will be used as a simple proof of concept throughout the thesis.

In Chapter 3, sub-question 2 is treated. For this, localized FF control is introduced.
Here, the localization procedure is detailed together with two optimization strate-
gies to solve the optimal FF problem. Finally, both strategies are implemented on
the simplified beam model and their performance is evaluated.

Sub-question 3 is related to feedback control in order to be able to deal with model
errors and disturbances. Therefore, Chapter 4 discusses the output feedback syn-
thesis problem. The goal in this chapter is to synthesize an optimal observer that
takes measurements from the bottom of the wafer to estimate the wafer surface de-
formations. These estimates can then replace the modeled deformations that are
used in the FF strategy. In order to be able to construct the observer, model order
reduction of the full scale model is required. Finally, the discussed procedures are
applied to the beam model.

In Chapter 5, all tooling presented in preceding chapters is applied to the wafer
clamp model. Hence, performance is evaluated for a more realistic model. Also,
based on the achievable performance, we are able to provide a number of design
recommendations regarding the initial AWC concept. This will then allow to answer
sub-question 4.

The thesis is finalized in Chapter 6 by the concluding remarks and recommenda-
tions for future research





Chapter 2
Multiphysics modeling

Abstract - The problem described in Chapter 1 focuses around thermo-mechanical
deformations of the wafer and wafer clamp. A graphical representation of the AWC
concepts is given in Figure 1.6. In this chapter we will discuss modeling of the thermo-
mechanical behavior of the components during exposure as well as methods as spec-
tral methods and FEM for approximation of the solution of the partial differential
equations (PDEs) that lay at the basis of the mentioned physical phenomena. Fur-
thermore we will discuss the actuation behavior and the state-of-the-art correctables
of the wafer clamp. Hence, this chapter is related to the following question:

How does a control relevant multiphysics model look to numerically
simulate trajectories that are compatible with the AWC concept?

2.1 Thermo-mechanical model

2.1.1 Thermal behavior

The spatio-temporal behavior of heat diffusion in a three dimensional (3-D) solid is
described by the well known and widely studied heat equation (e.g. [32]) that was

15
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derived by Joseph Fourier in 1822. The heat equation, with an input heat load Q
[W/m3] and convection term proportional to the difference between the ambient
temperature Tamb and the temperature T in the solid, describes the temperature
distribution T (ξ, t) [K] by

ρcp
∂T (ξ, t)
∂t

= ∇ · κ∇T (ξ, t) +Q(ξ, t) + h(Tamb − T (ξ, t)), (2.1a)

where ξ ∈ X is a closed and compact subset of R3 and time t ≥ 0. Let ∂X denote the
boundary set of X, i.e. the set difference between the closure of X and its interior.
Then, the boundary conditions associated with (2.1a) are defined by functions b :
∂X× T→ R such that for example

T (ξ, t) = b(ξ, t) for ξ ∈ ∂X and t ≥ 0 [Dirichlet] or (2.1b)
∂T

∂n
(ξ, t) := (∇T · n) (ξ, t) = b(ξ, t) for ξ ∈ ∂X and t ≥ 0 [Neumann], (2.1c)

where n is the normal direction at the surface of the boundary at ξ ∈ ∂X. By par-
titioning the boundary set ∂X, various combinations of boundary conditions can
be created. Furthermore, the initial condition is a function T0 : X → R such that
T (ξ, 0) = T0(ξ). In (2.1a), h [W/(m2· K] is the heat transfer coefficient (HTC) be-
tween the object and its ambient which has temperature Tamb [K], ρ [kg/m3] is the
mass density, cp [J/(kg· K)] is the specific heat capacity and κ [W/(m·K)] is the ther-
mal conductivity of the material.

The heat exchange which this solid has with its surroundings can take place along
any of the following three physical phenomena: convection, conduction and radi-
ation. Heat exchange through convection takes place in gasses or liquids that have
areas with different temperatures. This effect is utilized by, for example, radiators
for the heating of houses. Hot air from the radiator rises and cold air drops to re-
place the space of the hot air. Heat transfer through conduction is the effect that
heat travels through an object or from a hotter object to a colder object when the
two are in contact with each other. It relies on collisions of molecules[33]. The rate
at which the object exchanges heat through both convection and conduction can
be described by a heat transfer coefficient (HTC) h and the temperature difference
between the object and its surroundings

Qconv = hconv(T − Tamb), Qcond = hcond(T − Tamb). (2.2)

Unlike convection and conduction, radiation does not require a medium for trans-
portation of the energy. Radiation is for example the warm feeling we get when the
sun shines on our body. Any hot object radiates heat and the heat rate at which it
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does so is described by

Qrad = σεA(T 4
amb − T 4). (2.3)

Here σ = 5.67·10−8 [W/(m2K4)] is the Stefan-Boltzmann constant, ε is the emissivity
of the material (≤ 1) and A is the surface area through which the heat is radiated.
Due to the fourth power dependence on temperature, radiation quickly becomes a
significant effect when temperature increases are large.

2.1.2 Mechanical elasticity

The elastic behavior of a 3D object with Euclidean orientation in ξ = (x, y, z) coor-
dinates, is derived from Newton’s second law of motion,

m
∂2u(ξ, t)
∂t2

= F(ξ, t), (2.4)

where boundary conditions and initial conditions for the function u are defined
in a similar fashion as in (2.1) and where u(ξ, t) indicates the displacement vector
u(ξ, t) = col(ux(ξ, t) uy(ξ, t) uz(ξ, t)) in all three Euclidean directions, and F(ξ, t) is
the mechanical load vector. From this we can write the Cauchy momentum equa-
tion,

ρ
∂2u(ξ, t)
∂t2

= ρF(ξ, t) +∇σ(ξ, t), (2.5)

which is the PDE describing mechanical deformation and stress σ at location ξ and
time t in purely elastic materials, under the assumption of small displacement gra-
dients as mentioned in [34]. The stress-strain relation is given by Hooke’s law as,

σx
σy
σz
σxy
σxz
σyz

 =


λ+ 2µ λ λ 0 0 0
λ λ+ 2µ λ 0 0 0
λ λ λ+ 2µ 0 0 0
0 0 0 2µ 0 0
0 0 0 0 2µ 0
0 0 0 0 0 2µ




εx
εy
εz
εxy
εxz
εyz

 , (2.6)

where εi represents strains in direction i ∈ {x, y, z, xy, xz, yz} and where the terms
with double arguments e.g. εxy represent shearing strain in the respective plain.
Similarly corresponding stresses are indicated by σi. Furthermore, λ and µ in (2.6)
are Lamé parameters that are defined as

λ := Eν

(1 + ν)(1− 2ν) , µ := E

2(1 + ν) , (2.7)



18 Chapter 2. Multiphysics modeling

withE and ν the Young’s modulus and Poisson ratio, respectively, of the objects ma-
terial. Using these equations together with the equation of motion, one can derive
the following relation for displacements in the x-direction, indicated by ux

ρ
d2ux
dt2

= ρFx + ∂σx
∂x

+ ∂σxy
∂y

+ ∂σxz
∂z

, (2.8)

= ρFx + ∂

∂x

[
2µ∂ux

∂x
+ λ∇ · u

]
+ ∂

∂y

[
µ

(
∂ux
∂y

+ ∂uy
∂x

)]
+ ∂

∂z

[
µ

(
∂ux
∂z

+ ∂uz
∂x

)]
(2.9)

= ρFx + (λ+ µ) ∂
∂x
∇ · u∇2u (2.10)

In the same way the equations for the y and z deflections can be derived such that
the total displacement vector u can be expressed as,

ρ
∂2u
∂t2

= ρF + (λ+ µ)∇(∇ · u) + µ∇2u. (2.11)

2.1.3 Quasi-stationary thermoelasticity

In many thermoelastic applications elasticity equations are assumed to be static, i.e.
∂2u
∂t2 = 0. This leads to so-called quasi-stationary thermoelastic models described
by

ρcp
∂T

∂t
= κ∇2T +Q(ξ, t), (2.12a)

α∇(T − Tref) = (λ+ µ)∇(∇ · u) + µ∇2u, (2.12b)

where Q(ξ, t) denotes the heat applied to the system at location ξ and time t. Fur-
thermore, Tref is defined as the zero-strain temperature for which the thermal strain
εT (T ) = α(T − Tref) is equal to zero, i.e. εT (Tref) = 0, where α is the coefficient of
thermal expansion (CTE) of the object.

The quasi-stationary approximation is based on the premise that the time scales of
the thermal behavior τd is orders of magnitude slower than that of the mechanical
elasticity τe making the approximation fairly accurate. That is, a quasi-stationary
approximation is justified if the quotient τd

τe
is sufficiently large. To justify this ap-

proximation in the case that is studied here, we first characterize this quotient in
the following proposition.
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Proposition 2.1 (Quasi-stationary thermoelasticity). For a cubical object with
sides of length L and constant homogenous material parameters in Equation
(2.12) there holds

τd
τe

= ρcp

κ
√

ρ
2µ+λ

L. (2.13)

Proof. The characteristic time of the thermal conduction process is derived from
the heat equation without inputs,

∂

∂t
T = D

[
∂2

∂x2
∂2

∂y2
∂2

∂z2

]
T, where D := κ

ρcp
. (2.14)

Then replacing the partial differentials by finite differences

∆
∆tT = D

[
∆2

∆x2
∆2

∆y2
∆2

∆z2

]
T, (2.15)

1
∆t = D

[ 1
∆x2

1
∆y2

1
∆z2

]
, (2.16)

∆t = 1
D

[
∆x2 ∆y2 ∆z2] (2.17)

and taking ∆x = ∆y = ∆z = L gives the characteristic time of the diffusion process
as,

τd = L2/D. (2.18)

The characteristic time of the elasticity behavior is described in terms of expan-
sion/compression waves or so-called P-waves [35]. For this, consider the elasticity
equation (2.11) without body forces

ρ
∂2u
∂t2

= (λ+ µ)∇(∇ · u) + µ∇2u. (2.19)

The volumetric strain (expansion/compression) is given by the divergence of the
displacement field such that,

ρ
∂2

∂t2
∇ · u = (λ+ µ)∇2(∇ · u) + µ∇2(∇ · u) (2.20)

= (λ+ 2µ)∇2(∇ · u), (2.21)
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which is of the same structure as the classical wave equation

∂2

∂t2
u = c2∇2u (2.22)

when taking u = ∇ · u such that c =
√

λ+2µ
ρ . Hence, the expansion/compression

wave propagates with a velocity c, such that the characteristic time required to travel
distance L becomes

τe = L

√
ρ

λ+ 2µ. (2.23)

�

Next considering the dimensions of the narrow exposure slit L = 1 [mm], and sili-
con material parameters, κ = 130 [W/m·K], ρ = 2329 [kg/m3], cp = 700 [J/(kg· K)],
E = 130 · 109 [Pa], ν = 0.28 [-]. The time scales then become,

τd = L2D−1 = 12.5[ms]. (2.24)

τe = L

√
ρ

2µ+ λ
= 1.18 · 10−4[ms] (2.25)

where D := κ
ρcp

. Hence, the dynamics of the thermal diffusion process are approx-

imately a factor 105 times slower than the mechanical elasticity waves. From this it
follows that using quasi-static thermoelasticity equations is a reasonable assump-
tion. However, note that the factor between the time scales of the thermal diffu-
sion and mechanical expansion decreases linearly with the length. Therefore, when
short distances are considered, the quasi stationary approximation becomes worse.

2.2 Approximating solutions of PDEs

Solutions of PDE’s are often approximated numerically. In this section we will out-
line a procedure to do so. For this, consider the heat equation without the convec-
tion term and with constant homogeneous parameters and input Q(ξ, t) as

∂T

∂t
(ξ, t) = D∇2T (ξ, t) +Q(ξ, t). (2.26)

The PDE has solution T (ξ, t) with ξ ∈ X ⊂ R3 and t ≥ 0. The solution at a frozen
moment in time is indicated by T = T (·, t) and viewed as a function mapping X to
the real numbers R. These functions therefore represent temperature distributions.
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Any such function or distribution will be assumed to belong to a separable Hilbert
space H of functions mapping X to R. Thus T = T (·, t) ∈ H for all time t. Let the
inner product associated withH be denoted by 〈·, ·〉 and defined as

〈f, g〉 =
∫
X
f(ξ)g(ξ)dξ. (2.27)

ThenH becomes a normed space with norm ‖f‖ =
√
〈f, f〉. Any separable Hilbert

spaceH admits a complete and countable basis. Let {ϕk | k = 1, 2, . . .} be a basis of
H. This basis is countably infinite ifH is infinite dimensional, or is a finite set ifH is
finite dimensional. Any function T ∈ H therefore admits a representation

T =
∞∑
k=1

akϕk, (2.28)

where ak are real-valued coefficients and the infinite sum is to be interpreted as
converging in the sense that

lim
N→∞

∥∥∥∥∥T −
N∑
k=1

akϕk

∥∥∥∥∥ = 0. (2.29)

Given T ∈ H, the coefficients ak are implicitly defined by the projection of T onto
the basis functions ϕn

〈T, ϕn〉 =
〈 ∞∑
k=1

akϕk, ϕn

〉
, n = 1, 2, . . . . (2.30)

We can make this explicit by defining the Gramian operator G : RdimH → RdimH

according to

G(a1, a2, . . .) =
( ∞∑
k=1

ak〈ϕk, ϕ1〉,
∞∑
k=1

ak〈ϕk, ϕ2〉, . . .

)
(2.31)

such that

G(a1, a2, . . .) = (〈T, ϕ1〉, 〈T, ϕ2〉, . . .) . (2.32)

If the basis functions {ϕk | k = 1, 2, . . .} are orthonormal, in the sense that

〈ϕi, ϕj〉 =
{

1 if i = j

0 if i 6= j
, (2.33)
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then G(a) = a, where a = (a1, a2, . . .), and the coefficients ak are given by

ak = 〈T, ϕk〉. (2.34)

In the finite dimensional case where dim(H) = N < ∞, the Gramian operator
can be identified with a matrix G so that (2.32) reads as G(a1, . . . , aN ) = Ga with
a = col(a1, . . . , aN ) and G a symmetric matrix according to

G =

 〈ϕ1, ϕ1〉 . . . 〈ϕN , ϕ1〉
...

〈ϕ1, ϕN 〉 . . . 〈ϕN , ϕN 〉

 . (2.35)

If the basisfunctions {ϕk}Nk=1 are orthonormal G is an identity matrix or, in the in-
finite dimensional case an identity mapping. When the basis functions are not or-
thonormal the coefficients a are computable by

a = G−1b (2.36)

where b = (〈T, ϕ1〉, 〈T, ϕ2〉, . . .). Note that the inverse of G always exists as {ϕk} are
basis vectors ofH.

In order to numerically approximate the solution of T , assume that the approxima-
tion T̂ can be written as

T̂ =
N∑
k=1

bkϕk, (2.37)

where the basis functions ϕk are called trial functions that span a subspace V ofH,
i.e. V := span{ϕ1, . . . ϕN} ⊂ H which is called the trial space.

Proposition 2.2. Let {ϕk | k = 1, 2, . . .} be a set of orthonormal basis func-
tions of a separable Hilbert space H, such that every T ∈ H can be writ-
ten as T =

∑∞
k=1 akϕk. Then ak = 〈T, ϕk〉 for all k and truncation of the

expansion to the first N terms is equal to the projection of T onto a space
V = span{ϕ1, . . . ϕN} ⊂ H.

Proof. The orthogonal projection of T onto V indicated by ΠV defines the tempera-
ture distribution as,

T = ΠVT + (1−ΠV)T (2.38)

= T̂ + T̃ (2.39)
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where T̃ is the residual of the approximation T − T̂ which lies in V⊥. Given the
infinite dimensional representation of T as in (2.28) and the approximating solution
T̂ as in (2.37)

(T − T̂ ) ⊥ V ⇐⇒

〈 ∞∑
k=1

akϕk −
N∑
k=1

bkϕk, ϕn

〉
= 0, n = 1, . . . , N (2.40)

⇐⇒
N∑
k=1

(ak − bk) 〈ϕk, ϕn〉+
∞∑

k=N+1
ak 〈ϕk, ϕn〉 = 0, (2.41)

where the left term is equal to zero for k = 1, . . . N when ak = bk and the right term
is zero if {ϕk | k = N + 1, . . .∞} spans V⊥.

Hence,

T̂ =
N∑
k=1

akϕk (2.42)

is a projection ΠVT . �

The solution T (ξ, t) to (2.26) is both time and space dependent. The approximating
solution can be written similarly but with time varying coefficients ak(t) and spatial
basis functions ϕk(ξ)

T̂ (ξ, t) =
N∑
k=1

ak(t)ϕk(ξ). (2.43)

Next define the residual R of the PDE as

R := ∂T

∂t
(ξ, t)−D∇2T (ξ, t)−Q(ξ, t) (2.44)

and consider the projection ΠW where W := span{ψ1, . . . , ψN} ⊂ H is called the
test space. Weak solutions of the PDE, with respect to the test functions ψ1, . . . , ψN
satisfy R(·, t) ⊥ W for all time t ≥ 0 , i.e.

〈R(·, t), ψk〉 = 0, k = 1, . . . , N. (2.45)

Combining the projection of the PDE ontoW with the projection of T onto V then
yields

0 = 〈R̂, ψn〉 =
〈
∂T̂

∂t
−D∇2T̂ −Q,ψn

〉
, n = 1, . . . , N (2.46)

=
N∑
k=1

dak
dt
〈ϕk, ψn〉 −D∇2

N∑
k=1

ak〈ϕk, ψn〉 − 〈Q,ψn〉, (2.47)
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which is an ODE in the coefficients ak.

In the case where the test- and trial space are equal, the projection method is called
a Galerkin projection [36]. Furthermore, the following distinction among approxi-
mation methods can be made according to the choice of trial functions [37],

• Finite difference: Overlapping local polynomials of low order.

• Finite element: Locally smooth functions which are only non-zero on subdo-
mains of the spatial domain i.e. have compact support.

• Spectral methods: Global smooth and orthonormal functions on the spatial do-
main.

2.2.1 Finite element method

The finite element method (FEM) is a well known and often used method to nu-
merically approximate solutions of PDEs by local basis functions. The FEM can be
explained more intuitively by the use of Figure 2.1. In this figure, the spatial domain
is one-dimensional of lengthL and with spatial coordinate ξ. The domain is divided
into 8 elements such that we have 9 nodes, i.e. ξ0, . . . , ξ8. We then want to find the
approximate solution û(ξ) =

∑8
i=0 akϕk(ξ) that best approximates the real solution

u(ξ), using local basis functions ϕk(ξ). In its simplest form, linear basis functions
ϕk are used that are only non-zero at its respective node, i.e.

ϕk(ξ) =


1 + ξ−ξk

ξk−ξk−1
for ξ ∈ [ξk−1, ξk]

1− ξ−ξk

ξk+1−ξk
for ξ ∈ [ξk, ξk+1]

0 elsewhere

. (2.48)

Figure 2.1: FEM approximation û(ξ) of the function u(ξ), using basis functions
ϕk(ξ).
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The main advantage of the FEM is that the approximate solution of a PDE on a irreg-
ular spatial domain, is fairly easy to compute by dividing the spatial domain into a
finite number of elements. However, as is also clear from Figure 2.1, the approxima-
tion accuracy of the solution depends heavily on the number of elements or nodes.
To improve solution accuracy, a denser discretization can be used or higher order
basis functions such as quadratic or more general polynomial functions.

2.2.2 Spectral methods

In order to characterize solutions of the PDE, spectral methods use globally smooth
basis functions that are defined over the entire geometrical domain, e.g. sinusoids
or polynomial functions. The main advantage of this method over FEM, is that
smoothness of the solution is incorporated into the bases. For example, in homo-
geneous materials temperature distributions can be expected to be smooth. FEM
solutions do not guarantee this smoothness locally. On the other hand, global basis
functions as sinusoids may introduce artificial oscillations. These are for example
visible in the approximation of a block like signal by a finite number of sinusoids
which is demonstrated in Figure 2.2.

Figure 2.2: Approximation of square solution by 20× 20 sinusoids.

2.2.3 FEM vs. spectral

In this subsection we present a comparison of the FEM and spectral method for
solving a 2D-heat diffusion problem on a plate of dimensionLx×Ly, using Galerkin
projections. The simulation setting is shown in Figure 2.3.
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Figure 2.3: Problem setting of the comparison between spectral decomposition and
FEM.

We begin by working out the equations for the spectral method. The 2D heat diffu-
sion problem with constant homogenous material parameters is given as,

∂T

∂t
(x, y, t) = D

∂2T

∂x2 (x, y, t) +D
∂2T

∂y2 (x, y, t) +Q(x, y, t) (2.49)

and consider the following boundary and initial conditions

T (0, y, t) = T (Lx, y, t) = T (x, 0, t) = T (x, Ly, t) = 0, T (x, y, 0) = 0. (2.50)

Assuming the solutions T (x, y, t) of (2.49) reside, for frozen times t ≥ 0, in a Hilbert
spaceH = L2(Ω) of square integrable functions defined on the rectangular domain
Ω = [0, Lx]× [0, Ly], then, for any basis {ϕr | r ∈ N} ofH we can write

T (x, y, t) =
∞∑
r=1

ar(t)ϕr(x, y), (2.51)

we substitute this approximation into (2.49) such that

∞∑
r=1

ȧr(t)ϕr(x, y) = D

∞∑
r=1

ar(t)
∂2ϕr
∂x2 (x, y) +D

∞∑
r=1

ar(t)
∂2ϕr
∂y2 (x, y) +Q(x, y, t).(2.52)

The basis functions, ϕr(x, y) := fm(x)fn(y), are chosen such that they satisfy the
boundary conditions, for example

ϕr(x, y) =
√

2
Lx

sin(λm,xx)
√

2
Ly

sin(λn,yy), (2.53)
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where r ranges over the indexed pairs (m,n) and with λm,x = πm
Lx

and λn,y = πn
Ly

real
numbers. Furthermore, the basis functions are orthonormal in the sense that

〈ϕr1 , ϕr2〉 :=
∫ Ly

0

∫ Lx

0
ϕr1(x, y)ϕr2(x, y) dxdy =

{
1 if r1 = r2

0 if r1 6= r2
. (2.54)

For these basis functions the following holds,

∂2ϕr
∂x2 (x, y) = −λ2

m,xϕr(x, y), (2.55)

∂2ϕr
∂y2 (x, y) = −λ2

n,yϕr(x, y). (2.56)

Truncating the infinite sum in (2.52) at approximation order R, substituting (2.55)
and (2.56) into it and projecting the equation onto the basis functionsϕk(x, y) yields
R linear ODE’s for the Fourier coefficients ar(t) as

ȧ(t) = −ΛDa(t) +Q(t), (2.57)

with

a = col{a1, . . . , aR} (2.58)

Λ = diag
([
λ2

1,x + λ2
1,y . . . λ2

r,x + λ2
r,y

])
(2.59)

Q(t) = col{〈Q(t), ϕ1〉, . . . , 〈Q(t), ϕr〉}. (2.60)

This way the approximate solution is given by T̂ (x, y, t) =
∑R
r=1 ar(t)ϕr(x, y)

with ar inferred from (2.57) with initial condition ar(0) = 〈T (x, y, 0), φr(x, y)〉 for
r = 1, . . . , R.

We now compare the temperature distributions obtained with the spectral Galerkin
method and FEM that is computed through COMSOL Multiphysics. For the simu-
lation, the heat load Q(x, y, t) is an exposure slit that is moved from bottom to top
as shown in Figure 2.3.

The spectral method is discretized using 20 basis functions in x-direction and 20
basis functions in y-direction of the form in (2.53) such that R = 400, and the FEM
uses 20×20 linear quadrilateral mesh elements. The results are compared at a given
time step which is presented in Figure 2.4.

The most right plot here is the reference solution which is obtained through FEM
with a very dense mesh, and has a spectral resolution approximately 10 times finer
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Figure 2.4: Comparison of temperature solutions at a certain time step. Left: 20×20
elements in FEM; Middle: 20 × 20 basis functions using spectral method;x Right:
Reference solution (approx. 10 times finer than 20× 20 mesh).

than the 20 × 20 mesh. From the comparison it is clear that 20×20 elements are
too few for the FEM to accurately represent the solution, as the mesh is clear vis-
ible. This makes the FEM solution especially non-smooth compared to the refer-
ence solution. The spectral method on the other hand produces a smooth solution
at the cost of some ripple, due to the choice of periodic basis functions. The main
differences in the solutions of the spectral and FEM with respect to the reference
solution come from the inability to accurately represent the input signal. At certain
moments in time, the narrow exposure slit falls between nodes in the FEM case.
This causes the input to be represented differently depending on the location of the
slit with respect to the mesh. In the spectral method, using the sinusoidal functions,
we achieve a global resolution over space. This way we can approximate the input
with the same quality regardless of its location. Nevertheless, in this case 20 × 20
sinusoids are in this case also too less to accurately represent the narrow exposure
slit. Hence, higher spatial resolution in y-direction would be required to improve
the results with both methods.

In the remainder of this thesis modeling is done using FEM. The main reasons for
this are the ease of modeling complex geometries and boundary conditions, such
as the case for the wafer clamp.
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2.3 Thermo-mechanical model - beam

In this section we introduce a simplified model of the burl actuation concept il-
lustrated in Figure 1.6. The simplified model consists of a two dimensional beam
that describes the thermo-mechanical behavior of the cross section of the burl ac-
tuation concept. A graphical description of the simplified model setting is given in
Figure 2.5.

Waferz

y

Heatload Q(y,t)

Figure 2.5: Simplified beam model of AWC.

In this figure, the coordinates on the wafer surface are indicated by y ∈ Y ⊂ R.
The wafer is clamped onto the actuators by a uniform clamping force F : Y → R
that is directed downwards and extends up to a few millimeters from the left edge.
The burls/actuators are represented as a finite and constant stiffness in the in- and
out-of-plane direction, kxy, kz respectively and are spaced uniformly at coordinates
y ∈ Yburl ⊂ R. Here Yburl is the collection of all individual burl locations which is
in this case equal to the collection of actuator locations Ya, see Figure 2.5. Time is
defined as t ∈ T where T := {t | t0 ≤ t ≤ t0 + Tscan}with t0 indicating the start time
of the exposure and Tscan the required scan time for one field. The actuators (burls)
can apply forces in the in- and out-of-plane direction such thatFact : Ya × T → R2

where Fact(y, t) denotes the vector of in- and out-of-plane forces at actuator loca-
tion y ∈ Ya and at time t ∈ T.

The thermal behavior of this beam is constrained by insulation boundary condi-
tions around all sides, and leakage terms at the burl locations which account for the
thermal contact between wafer and burls. The thick black line in the figure above,
indicates the exposure field (33 [mm] long) over which the heat load Q(y, t) at loca-
tion y and time t is scanned with a constant velocity vy. The power of the heat load
Q(y, t) is indicated by P (t).
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Finally, the model is built in the FEM package COMSOL Multiphysics. Here a 2 di-
mensional meshing (in the y, z-plane) of the model has been made in such a way
that at all times at least 10 nodes are present in the area exposed by the heat load
Q(y, t).

We shall use this simplified model in further chapters to demonstrate various con-
cepts.

The values of relevant simulation parameters are summarized in Table 2.1.

Table 2.1: Parameter values of the beam model

Parameter Symbol Value Unit

Coefficient of thermal expansion α 2.6e-6 [1/K]
Density ρ 2329 [kg/m3]
Dimension of beam in y-dir Ly 50 [mm]
Dimension of beam in z-dir Lz 775 [µm]
Heat capacity Cp 700 [J/(kg K)]
Poisson ratio ν 0.28 [-]
Thermal conductivity κ 130 [W/(mK)]
Young’s modulus E 130e9 [Pa]

2.4 Thermo-mechanical model - wafer clamp

When modeling wafer heating effects, ideally we use a thermo-mechanical model
of the entire wafer and clamp to predict how the expose load affects deformations.
However, this is practically impossible due to large differences in the dimensionality
of features, e.g. the burl diameter will be less than 300[µm], [38], while the wafer
diameter is equal to 300 [mm] and the number of burls is in the tens of thousands.
To achieve high spatial resolution on the surface of the wafer in the exposure slit, e.g.
with 5 elements over the slit length, over the entire geometry, almost 2,000,000 mesh
nodes would be required. This number further increases to describe the thermo-
mechanical behavior through the thickness of the clamp. Hence, this model would
impose significant computational issues.

To reduce computational complexity of the AWC model, the geometry of the full
wafer clamp with wafer is reduced to the area around one exposure field. An expo-
sure field is 26 × 33 [mm] in dimension and covers around 1% of the wafer surface.
Depending on the burl topology, most fields are above homogeneously distributed
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burls, except around features like the E-pins (used to lift wafers onto the clamp)
and at the wafer edge, e.g. see Figure 2.6. In this figure, we chose a radially symmet-
ric burl pattern in which we disregard the back fill gass (BFG) holes. At the clamp
features the burl pattern is interupted, resulting in larger OVL and focus errors. To
assess the performance of the AWC, we are in particular interested in fields around
and above these clamp features. In this thesis we will focus on the exposure of the
field closest to the edge, as this field contains both edge effects and a large area of
homogenously distributed burls.

Figure 2.6: Overview of a wafer where the grey dots indicate the burl pattern and the
grey rectangles indicate interesting fields.

Due to the radially symmetric burl pattern, taking a rectangular slice out of the full
wafer and burl pattern, may result in burls being only partially assigned to the con-
sidered geometry. Furthermore, it will not be obvious how to define boundary con-
ditions on the sides of the slice. To resolve this issue, the slice is created by making
use of a Voronoi diagram [14]. In a Voronoi diagram, a space is partitioned into a
finite number of convex polygons, such that each polygon contains exactly one so-
called generating point, and that each point in a polygon is closer to its generating
point than to any of the other generating points [39][40]. In this case, the space to
be partitioned is the set of all coordinates on the wafer surface and the generating
points are the coordinates of the burls/actuators. The resulting boundaries of the
polygons are drawn as solid lines, e.g. the left plot in Figure 2.7.

Using the Voronoi diagram we can then take a slice of the wafer by selecting specific
boundaries of the Voronoi diagram. The resulting slice is presented in the right plot
in Figure 2.7, in which the black closed-curve indicates the boundaries of the slice
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and the dashed rectangle indicates the boundaries of one exposure field.

The distance between the field boundary and the slice boundary is chosen such
that the maximum temperature gradient on the slice boundary, during exposure, is
negligible, e.g. in this case less than 0.01% of its peak value. This way an accurate
description of the temperature field in the entire slice is obtained when Neumann
boundary conditions are imposed on the slice boundary. Furthermore, in the selec-
tion of the distance between the field and slice boundary it is important to ensure
that all actuators which have a significant contribution to the deformation in the
exposure field are included in the geometry.

Figure 2.7: From Voronoi diagram to wafer slice. Left: Example of a Voronoi Dia-
gram of the burl pattern at the wafer edge. Right: Overview of the resulting wafer
slice with the solid lines indicating the slice boundary, the dots indicate the burl
pattern, the dashed line marks one exposure field and the shaded area illustrates
the exposure slit.

We formalize the model as follows. The coordinates on the surface of the wafer,
i.e. x- and y-coordinates are defined as ξ ∈ X ⊂ R2 where X indicates the spatial
domain. As we are interested in deformations of the wafer surface the z-coordinate
is constant and not included in ξ. The spatial domain of the exposure slit at time
t ∈ T is indicated by the time-varying area of interest (AOI) XAOI(t), where the set
T := {t | t0 ≤ t ≤ t0 + Tscan} with t0 the start time of the exposure and Tscan the
required time to expose one field. The assumed dimensions of the slit are detailed
in Figure 2.8.

The spatial coordinates of the actuator locations, are indicated by ξ ∈ Xa ⊂ X, and
ξ ∈ Xburl ⊂ X are the burl locations. Initially we will assume Xburl = Xa, reflecting
that every burl is an actuator, but in Chapter 5 we will discuss alternative configu-
rations in which this assumption is not necessary. The coordinates in the area of



2.4. Thermo-mechanical model - wafer clamp 33

Figure 2.8: Exposure slit dimensions.

the ith actuator are indicated by the set Xa,i. Furthermore, we assume that for i 6= j,
Xa,i

⋂
Xa,j = ∅, i.e. actuators can not overlap. Then the actuation forces are defined

as functions Fact : Xa × T→ R3 with, Fact(ξ, t) :=
[
Fx(ξ, t) Fy(ξ, t) Fz(ξ, t)

]>and
the actuator forces exerted by the ith actuator are denoted by Fact,i : T → R3 with
Fact,i(t) =

[
Fx,i(t) Fy,i(t) Fz,i(t)

]>.

Furthermore, let F(t) define the set of actuator forces that satisfy the actuator con-
straints, with t ∈ T. Any actuation force Fact(ξ, t) induces actuated deformations
dact : X× F(t)→ R3 for all t ∈ T, in all three spatial directions,

dact(ξ, Fact(·, t)) :=

uact
x (ξ, Fact(·, t))
uact
y (ξ, Fact(·, t))
uact
z (ξ, Fact(·, t))

 . (2.61)

The thermo-mechanical deformations are induced by a scanning heat load Q : X×
T→ R, which can be decomposed as,

Q(ξ, t) = P (t)g(ξ − q(t)). (2.62)

Here P (t) indicates the total exposure power, and g(ξ − q(t)) describes the spatial
intensity distribution of this power, where we assume ξ − q(t) ∈ X and g : X → R.
Typically during exposures q(t) is affine in t which means that the scanner has a
constant velocity during exposures. The thermo-mechanical wafer surface defor-
mations are indicated by dth : X× T→ R3,

dth(ξ, t) :=
[
uth
x (ξ, t) uth

y (ξ, t) uth
z (ξ, t)

]>, (2.63)

denoting the vector of displacements of the point ξ at time t. Furthermore, the elec-
trostatic clamp exerts a force on the surface of the wafer pushing it down onto the
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burls. The clamping force F : X → R is assumed to be uniform over the wafer
surface, with an exception of the area close to the wafer edge and around clamp
features as E-pins. At these exceptions, the clamping force is equal to zero. The
clamping force induces initial deformations d0 : X→ R3

d0(ξ) :=
[
u0
x(ξ) u0

y(ξ) u0
z(ξ)

]>. (2.64)

In the burl actuation AWC, burls are replaced by actuators to directly deform the
wafer. To model the thermo-mechanical behavior of this concept, we consider a
wafer slab as shown in the right plot of Figure 2.7. In this setting we consider the
heat source to move over the field from bottom to top (in y-direction), with a con-
stant velocity, i.e. q(t) =

[
0 vy(t− t0)

]>.

In EUV lithography, the wafer is exposed in a near vacuum environment. Hence,
there are almost no gas atoms available to carry the heat away from the wafer. To
improve thermal conditioning of the wafer, BFG is introduced between the bottom
of the wafer and the surface of the clamp. This gas is blown under the wafer through
BFG holes located on the edge of the wafer, see for example Figure 1.7 in [14], and
allows for convection to take place on the backside of the wafer. However, as de-
scribed in the construction of the wafer slice, we omit BFG holes and thus also
the convection at the backside of the wafer. Furthermore, in the AWC situation,
temperature increases remain small (e.g. <0.5[K]) and the area at which the max-
imum temperature is attained is the exposure slit which has a very small surface
area (≈ 26 [mm2]). Therefore, we assume radiation to have a negligble effect on
thermal simulations. In summary, Neumann boundary conditions are imposed on
the boundaries of the geometry and the thermal contact between wafer and burls
is represented by a convective heat flux with HTC hburl, note that these conditions
represent the functions b in (2.1).

On the cutting edges of the geometry (the edges of the Voronoi diagram) symme-
try boundary conditions are imposed in the mechanical domain. Here symmetry
can be assumed as we obtained the cutting edges from the Voronoi diagram such
that the burls/actuators are located symmetrically around the edge. This makes
that symmetry is a relatively accurate approximation. To reduce complexity of the
model, burls/actuators are represented as points. At these points we define in- and
out-of-plane stiffnesses kz and kx,y, equivalent to the stiffness of the burls in all
three directions [14].

The model of the embedded actuation AWC concept is slightly different from the
burl actuation concept model, in the sense that now also the burls, the dielectric
and isolation layers (see Figure 1.6) are included in the FE model. The clamping
electrode is omitted from the model as it is extremely thin compared to the other



2.5. Actuation modeling 35

layers. The actuators are each represented by a finite stiffness in all three direc-
tions. The mechanical symmetry boundary conditions applied to the cutting edges
of the Voronoi diagram, are also applied to the boundaries of the isolation layers.
Due to the thermal conductivity through the burls that are included in this model,
the leakage term in the model of the burl actuation concept (representing the ther-
mal contact between wafer and burls) can be omitted. In the thermal domain the
geometry is now entirely insulated and exposed by the same heat-load as the burl
actuation AWC concept.

2.5 Actuation modeling

For construction of the actuated deformations dact(ξ, t) in (2.61), the superposition
principle is used as the thermo-mechanical model is linear. This means that we
determine the actuated deformation of each actuator individually, and sum them
over all N actuators to construct the total actuated deformation, i.e.

dact(ξ, t) =
N∑
i=1

Di(ξ, Fact,i(t)). (2.65)

Here Di are actuation functions, representing the deformation at location ξ due to
the ith actuator according to

Di (ξ, Fact,i(t)) = di (ξ)Fact,i(t). (2.66)

where Fact,i(t) is the force that the ith actuator exerts in all three directions.

Furthermore each actuator satisfies the actuation limits Fmin ∈ R3 and Fmax ∈ R3

such that

Fmin ≤ Fact,i(t) ≤ Fmax (2.67)Fmin,x
Fmin,y
Fmin,z

 ≤
Fx,i(t)Fy,i(t)
Fz,i(t)

 ≤

Fmax,x
Fmax,y
Fmax,z

 , (2.68)

where the inequalities in (2.68) are to be interpreted element-wise. Here the in-
plane actuation forces Fx,i(t), Fy,i(t) are limited by the friction force between the
wafer and the actuators. The friction force imposes symmetric upper and lower
bounds on the maximum achievable in-plane force, i.e. Fmin,x = −Fmax,x =
Fmin,y = −Fmin,y under the assumption that loading of the wafer did not introduce
initial burl/actuator deformations. The out-of-plane force Fz,i(t) is constrained by
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non-symmetrical limits. As the wafer and actuators are not rigidly connected to
one-another, actuators are not pulling on the wafer, but rather the clamping force
pushes the wafer into the cavity created by pulling back the actuator. Due to the
stiffness of the wafer there is a maximum negative deformation before the actu-
ator looses contact with the wafer which is illustrated in Figure 2.9. The force at
which this happens is the minimal force in z-direction and the maximum force is
constrained by the actuator specification. Furthermore, due to the high clamping
force, fast actuation of the AWC does not induce any significant vibrations into the
wafer. Hence, the actuation is assumed to be free of dynamics.

Figure 2.9: Effect of taking Fz,i < Fmin,z.

The functions di : X → R3×3 in (2.66), are static mappings from a force of actua-
tor i in all three spatial directions x, y, z to surface deformations in all three spatial
directions, i.e.

di(ξ) =

sxx,i(ξ) syx,i(ξ) szx,i(ξ)
syx,i(ξ) syy,i(ξ) szy,i(ξ)
szx,i(ξ) syz,i(ξ) szz,i(ξ)

 . (2.69)

In (2.69), the functions sab,i : X → R are influence functions for actuator i, map-
ping a force in direction a to deformations in direction b with a, b ∈ {x, y, z}. These
influence functions are normalized with respect to the actuation force.

The influence functions are typically determined numerically using FEM. For this,
thermal effects are not considered. As the wafer is clamped during exposure, first an
initial solution of the deformations is computed in which only clamping forces are
applied. This gives non-zero initial deformations d0(ξ). Next, the wafer is clamped
and a force is applied to the ith actuator, in each spatial direction separately. We
compute the steady state deformations in all three spatial directions, for the entire
wafer surface. Finally the actuated deformation is isolated from the total defor-
mation, by subtracting the initial clamped deformation from it. Here we consider
the steady state solutions only, as the mechanical actuation is orders of magnitude
faster than the thermo-mechanical deformations. Due to the large number of ac-
tuators this procedure is computationally expensive. For the geometry presented
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in the right plot of Figure 2.7, there are more than a thousand burls/actuators. This
means that a few thousand steady state solutions need to be computed in order
to determine the influence functions. To reduce the computational effort, we can
make use of the radial symmetry and regularity of the actuator topology. Due to
symmetry, the influence functions along the azimuthal angle are very similar. Simi-
larly, along the radial direction, influence functions differ less when moving further
away from the wafer edge. This is demonstrated in Figure 2.10, where four (nor-
malized) influence functions at different distance from the wafer edge (the bottom
of each figure) are plotted for a piece of the geometry in Figure 2.7. From this fig-
ure, it is clear that the influence functions of the outer-most actuators (left top) are
very different from those more inwards. However, the influence functions of actu-
ators on the third and fourth row (bottom two plots) are visually identical although
shifted in space. For the modeled geometry, this means that we need to compute
the influence functions for the n outer-most actuators, while for the inner actuators
we can shift and rotate and reuse earlier computed influence functions.

Figure 2.10: Normalized influence functions in the out-of-plane direction szz,i for
actuators i at different distance from the wafer edge (the bottom of each subplot).
In the left top figure, the influence function of an actuator on the outer most burls is
shown (closest to the wafer edge); the right top figure, shows the influence function
of an actuator on the second row of burls from the wafer edge; on the bottom left
and right influence functions of actuators on the third and fourth outer most rows
are presented, respectively. Colors represent normalized deformations in the out-
of-plane direction.
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2.6 Wafer stage and projection optics correctables

As described in Chapter 1, both wafer stage (WS) and lens (POB) corrections can be
used to reduce, up to a certain extent, thermally induced overlay and focus errors
[41]. These corrections are formalized through functions dcorr(ξ, t) : X×T→ R3 that
indicate the correction vector of deformations in Euclidean coordinates at location
x ∈ X on the wafer and at time t ∈ T. For example, given a constant overlay error in
x-direction of 1 [nm] after exposure, we can easily reposition the WS in this direction
to completely remove the error. The same holds for the y-direction. By tilting the
WS around the x- and y-axis it is also possible to correct first order focus errors,
and by adjusting the orientation and positioning of POB mirrors a finite number of
higher order spatial corrections can be created for both overlay and focus.

The WS and POB corrections are described by multivariate polynomials dkcorr(ξ, t)
with ξ ∈ X, t ∈ T and k ∈ {x, y, z}. For this, let us introduce a compact notation for
a multivariate polynomial in the indeterminate ε ∈ Rn. A multivariate polynomial
p(ε) is an expression of the form,

p(ε) =
I1∑
|i1|=0

. . .

In∑
|in|=0

bi1,...,inε
i1
1 ε

i2
2 . . . εinn , (2.70)

=
I∑
|i|=0

biε
i (2.71)

with multi-index notation according to

ε = (ε1, . . . , εn), i = (i1, . . . , in), εi := εi11 · · · εinn ,

|i| =
∑
j

ij , bi = bi1,...,in ∈ R.

Thus in this notation, p(ε) is a multivariate polynomial of order |i| with monomials
εi and coefficients bi.

We assume that each of the polynomials dkcorr(ξ, t) can be factorized into a spatial
polynomial wk(ξ), which describes the spatial shape that can be corrected, and a
temporal polynomial vk(t) that describes the speed at which the coefficients of the
spatial polynomial may vary. Hence, dkcorr(ξ, t) = wk(ξ)vk(t). Using the compact
notation in (2.71), with s = (ξ, t), the vector of correctable deformations is given by

dcorr(ξ, t) =

dxcorr(ξ, t)
dycorr(ξ, t)
dzcorr(ξ, t)

 =


∑nx

|i|=0 bx,i(ξ, t)i∑ny

|i|=0 by,i(ξ, t)
i∑nz

|i|=0 bz,i(ξ, t)i

 . (2.72)
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Typically, the speed at which each coefficient of the spatial correction polynomial
can be varied is different due to the bandwidth of actuators that are used to make
the corresponding shape. For example, offsets (i.e. the zero order component of
wk(ξ)) can be varied relatively fast as they are limited by the WS accelerations which
are usually very high. In the formulation of (2.71), the order of the multivariate
polynomial I may create additional monomials in the polynomial that should not
exist because for example a term can only vary slowly or a certain shape cannot
be created. This can then be taken into account by setting specific coefficients bk,i
equal to zero.

For example, given a first order polynomial in space for which the coefficients of
the zero order term can vary according to a 2nd order polynomial in time and the
coefficient of the first order term can vary according to a first order polynomial in
time, i.e. d̃(ξ, t) = (b0,0 + b0,1t + b0,2t

2) + (b1,0 + b1,1t)ξ. Then, the order of the
multivariate polynomial I = 2 such that according to (2.71) d̃(ξ, t) is decomposed
as

d̃(ξ, t) =
[
1 t t2 ξ tξ ξ2]


b0,0
b0,1
b0,2
b1,0
b1,1
b2,0

 . (2.73)

Now it is clear that to correctly represent d̃(ξ, t) we must set b2,0 = 0 as in this exam-
ple second order spatial shapes cannot be created.

Due to the narrow exposure slit (in the scan direction), the spatial polynomials
wk(ξ) with k ∈ {x, y}, i.e. the correctable shapes for the in-plane directions, are
defined only over the slit width. To collapse the expected in-plane deformations
ux(ξ, t), uy(ξ, t) in the slit length to a single line at time t, a weighted moving average
over the scan direction is taken pointwise in time that defines d̂ : XAOI(t)× T→ R3

and

d̂(ξ, t) =

d̂x(ξ, t)
d̂y(ξ, t)
d̂z(ξ, t)

 =

W (ξ, t) ∗ ux(ξ, t)
W (ξ, t) ∗ uy(ξ, t)

uz(ξ, t)

 . (2.74)

Here ux(ξ, t)
uy(ξ, t)
uz(ξ, t)

 =

u0
x(ξ) + uth

x (ξ, t)
u0
y(ξ) + uth

y (ξ, t)
u0
z(ξ) + uth

z (ξ, t)
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and W (ξ, t) indicates the weighting satisfying
∫
XW (ξ, t)dξ = 1 and the convolution

is taken over space as

(W ∗ ux)(ξ, t) =
∫
X
W (ξ − σ, t)ux(σ, t)dσ,

and similarly for the y-direction.

The coefficients bk,i for k ∈ {x, y, z} of the polynomials in (2.72) are then computed
by minimizing

b∗k = arg min
bk∈RIk

‖d̂k(ξ, t) + dkcorr(ξ, t)‖22, ∀k ∈ {x, y, z}. (2.75)

The remainder of this thesis focuses on reducing the thermal induced wafer defor-
mations with respect to those after applying the WS and POB correctables, as will
be described in the next chapters.



Chapter 3
Localized feedforward control

Abstract - As described in the previous chapters, the AWC consists of tens of thousands
of 3-DOF actuators. Furthermore, to get sufficient spatial resolution of the solution
on the surface of the wafer, an extremely dense mesh is required. These two problems
lead to an immense amount of control signals that need to be computed provided a
similarly huge amount of output signals. This chapter is related to sub-question 2:

How can we control a large-scale system, with a large number of possible
inputs and outputs and a moving area of interest?

3.1 Introduction feedforward control

The to-be-controlled output of the system ζ : X × F(t) → R3 for all t ∈ T, is given
as the sum of the initial deformations, thermal deformations, the WS and POB cor-
rectables and the actuated AWC deformations

ζ(ξ, Fact(t)) :=

ζx(ξ, Fact(t))
ζy(ξ, Fact(t))
ζz(ξ, Fact(t))

 (3.1)

= d0(ξ) + dth(ξ, t) + dcorr(ξ, t) + dact(ξ, Fact(t)),

41
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where Fact(t) ∈ F(t) denotes the collection of all N actuator forces as Fact(t) =
{Fact,1(t), . . . , Fact,N (t)}.

Because of the interest in worst-case focus and overlay errors, the performance of
the system is defined in terms of a weightedL∞ norm of the to-be controlled output
ζ(ξ, Fact(t)) restricted to the area of interest (AOI). Specifically, the performance is
defined as

‖ζ(·, Fact(t))‖∞ := sup
ξ∈XAOI(t)

max {βi|ζi(ξ, Fact(t))| | i ∈ {x, y, z}} , (3.2)

for all time instances t ∈ T, and where βi > 0 are weighting parameters that are
chosen such that deformations in each spatial direction are weighted appropri-
ately. Furthermore, XAOI : T → X is a time varying set of coordinates such that
XAOI(t) ⊂ X for all t ∈ T and denotes the set of spatial coordinates in the AOI,
which in this case is equal to the area of the exposure slit. The equation in (3.2) rep-
resent the weighted worst case wafer deformation in the area of the exposure slit at
all times t ∈ T. From an application perspective it makes sense to assess perfor-
mance only at these locations, as the wafer should have minimal deformations at
all times t ∈ T only at the location of the exposure slit.

Hence, the aim of the controller is to find the optimal actuator forces F ∗act(t) that
satisfy the actuator constraints and minimize (3.2), i.e.

F ∗act(t) = arg min
Fact∈F(t)

‖ζ(·, Fact)‖∞. (3.3)

As fast actuation of the burls does not induce significant dynamics into the wafer
and clamp, we solve (3.3) point-wise in time. Furthermore, due to the large number
of actuators, solution of this problem will be computationally expensive making it
less tractable for real-time implementation. Using feedforward control we are able
to compute optimal solutions off-line and apply them in real-time through for ex-
ample a look-up table. Although this method is sensitive to modeling errors, ex-
posure happens in a strictly controlled setting in which many variables are tightly
controlled such that they can be modeled accurately. Also, this way we can assess
the best-achievable performance of the AWC concept.

3.2 Localization

One of the main issues in calculation of the optimal actuation forces is the dimen-
sionality of the problem (3.3). Besides the calculation of a few thousand control
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variables for more than a thousand 3-DOF actuators, the performance is evaluated
over the entire wafer surface while we are only interested in the slit area. In the con-
sidered slice given in the right plot of Figure 2.7, the slit amounts for less than 1%
of the total surface area of the slice. To deal with these issues of dimensionality, we
will localize the problem around the exposure slit.

The objective (3.3) can be expanded as,

F ∗act(t) = arg min
Fact∈F(t)

‖d0(ξ) + dth(ξ, t) + dcorr(ξ, t) + dact(ξ, Fact)‖∞ (3.4)

Let the indicator function V : X × T → {0, 1} indicate relevant spatial coordinates
that are inside XAOI(t), i.e.

V (ξ, t) =
{

1 if ξ ∈ XAOI(t)
0 otherwise.

(3.5)

Using the indicator function, localized thermo-mechanical deformations are de-
fined as,

dloc
th (ξ, t) := V (ξ, t)dth(ξ, t), (3.6)

and the localized WS and POB corrections are given by

dloc
corr(ξ, t) := V (ξ, t)dcorr(ξ, t) (3.7)

similarly the initial deformations are localized as

dloc
0 (ξ, t) := V (ξ, t)d0(ξ). (3.8)

Using V (ξ, t) the cost function is localized to XAOI(t), such that the performance of
the system is evaluated only at the location where it matters.

To also reduce the computation of possibly thousands of control signals, we distin-
guish between active and not active actuators. For this we introduce a second indi-
cator function W : Xa × T → {0, 1}. The function W (ξ, t) selects active actuator
forces from the entire actuator grid. For example, for the ith actuator at coordinate
ξi

W (ξi, t) :=

1 if ∃a, b ∈ {x, y, z} | sup
ξ∈XAOI(t)

|sab,i(ξ)| > τ sup
ξ∈X
|sab,i(ξ)|

0 otherwise
(3.9)

such that it indicates whether this actuator is active at time t or not. Through (3.9),
the active actuators are chosen based on the amplitude of its influence functions
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inside the exposure slit. The ith actuator is considered active, if the amplitude of
any of its influence functions sab,i(ξ) with ξ ∈ XAOI(t), are relatively larger than a
certain percentage τ of the maximum peak influence over the entire domain. Se-
lecting the value of this threshold τ , is an iterative process in which considerations
as computation time and system performance should be evaluated. We found that,
in the problem discussed in this thesis, a threshold τ = 0.1, does not limit the perfor-
mance gain of the AWC and achieves acceptable computation times. To efficiently
determine the active actuator set, an algorithm is created that exploits the regu-
larity in the actuator topology and uniformity of the actuator influence functions.
Assuming uniformity across influence functions and actuator topology means that
by evaluating (3.9) in an order such that the actuators have an increasing distance
with respect to the exposure slit, we can stop checking (3.9) once actuator i does not
result in W (ξi, t) = 1. The algorithm that does so at each time t is outlined below.
However, note that when the influence functions are varying between actuators the
assumptions above are not satisfied and the algorithm would stop before including
(possibly) all relevant actuators.

Algorithm 3.1 (Active set).

1. Initiate W (t) as a zero vector of length N

2. Sort the actuators in Xa in increasing order with respect to their smallest
distance to the set XAOI(t) and let vector j of length N hold the indices of the
sorted elements in this increasing order.

3. Set k = 1
4. Evaluate the right-hand side of (3.9) for actuator i = j(k) and store the result
as entry i in the vector W (t).

5. Set k = k + 1 and repeat Step 4 until Wj(k)(t) = 0.

Using W (t) we can define the vector of localized actuator forces at time t ∈ T as
F loc

act (t) ∈ Floc(t) := {Fact,i(t) |Wi(t) = 1}.

The localized influence functions corresponding to each active actuator i, is con-
structed from (2.69) as,

sloc
i (ξ, t) = V (ξ, t)

sxx,i(ξ) syx,i(ξ) szx,i(ξ)
syx,i(ξ) syy,i(ξ) szy,i(ξ)
szx,i(ξ) syz,i(ξ) szz,i(ξ)

 . (3.10)
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and using the active actuators, the localized actuated deformations are given by

dloc
act(ξ, F loc

act (t)) =
Na∑
i=1

sloc
i (ξ, t)F loc

act,i(t). (3.11)

where Na indicates the number of active actuators and F loc
act,i(t) are the forces cor-

responding to the ith active actuator. The control objective, is now captured by the
following localized optimization problem,

F ∗act(t) = arg min
F loc

act∈Floc(t)
‖dloc

0 (ξ, t) + dloc
th (ξ, t) + dloc

corr(ξ, t) + dloc
act(ξ, F loc

act )‖∞, (3.12)

where card(Floc(t))� card(F(t)) for all time t ∈ T .

3.3 Optimization strategy

The solution to the optimization problem (3.12) can be computed in different ways.
In the next subsections we present two strategies, namely a sequential and an inte-
grated optimization. The methods differ in the way the WS and POB corrections are
incorporated into the optimization and the space and time samples over which the
optimization is computed. The differences regarding space and time aspects have
been illustrated in Figure 3.1. In this figure, the black bars indicate the spatial loca-
tions of the exposure slit at different time instances during the scan time. Thus, as
time progresses, the slit moves forward with constant velocity, resulting in the linear
slope of the black bars. The gray area indicates the space-time domain over which
the optimization is solved. The right-most figure in Figure 3.1 shows a full-field op-
timization over the entire geometry at all moments in time. As explained before,
performance matters in the exposure slit and thus this strategy is not considered.
The middle figure in Figure 3.1 shows the space-time domain over which the inte-
grated optimization is solved. Here the geometric domain of the decision variables
moves both with time and space. Furthermore, as the WS and POB corrections are
defined over the entire exposure field, they are included as decision variables into
the optimization of the AWC forces. Finally, the left figure in Figure 3.1 illustrates the
domain over which the sequential optimization is solved. In this case, the optimiza-
tion only runs point-wise in time over the spatial domain of the exposure slit and
WS and POB corrections are computed apriori according to (2.75). We elaborate
on these methods in the following subsections. Finally, the resulting optimization
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problems for those methods will be written as linear programs, and are thus con-
vex problems. This ensures that any solver that converges, will converge to the true
solution.

Figure 3.1: Graphical representation of difference between optimization strategies.
Black bars indicate XAOI(t), grey shaded areas are the areas over which is optimized.

3.3.1 Sequential optimization

The sequential optimization strategy considers WS and POB correction dcorr(ξ, t)
to be computed from solving (2.75). This way, based on the modeled initial and
thermal induced deformations dth(ξ, t), the correctables are determined before the
AWC forces are computed. Hence, we can define a non-correctable error (NCE)
after WS and POB corrections as dNCE : X× T→ R3

dNCE(ξ, t) = d0(ξ) + dth(ξ, t) + dcorr(ξ, t), (3.13)

and the localized NCE is given by dloc
NCE(ξ, t) = V (ξ, t)dNCE(ξ, t). The optimization

problem
F ∗act(t) = arg min

F loc
act∈Floc(t)

‖dloc
NCE(ξ, t) + dloc

act(ξ, F loc
act )‖∞. (3.14)

is then solved point-wise in time, i.e. we fix t ∈ T. The solution to the optimization
problem (3.14) is computed through a linear program (LP). Therefore, we first dis-
cretize the model. Let X, XAOI(t), Xa, denote sampled sets of X, XAOI(t), Xa respec-
tively in the sense that these sets have finite cardinality, |T| = ts, |X| = n, |XAOI(t)| =
m(t), |Xa| = r,

X = {ξ1, ξ2, . . . , ξn} (3.15)

XAOI(t) = {ξk1(t), ξk2(t), . . . , ξkm(t)(t)}. (3.16)

Xa = {ξl1 , ξl2 , . . . , ξlr}. (3.17)



3.3. Optimization strategy 47

Here we choose m(t) = m since in this section t is fixed. Then the actuator forces
F act(t) ∈ R3r, and the matrix of numerical influence functions, extended from
(2.69), for i = 1, . . . , r will be indicated by s := colξ∈X[d1(ξ) · · · dr(ξ)] ∈ R3n×3r.

It is useful to represent the indicator function V (ξ, t) and W (ξ, t) by standard basis
vectors. Let

v(t) := col(V (ξi, t) | i = 1, . . . , n) (3.18)

w(t) := col(W (ξi, t) | i = 1, . . . , r), (3.19)

be the discretized and vectorized indicator functions V (ξ, t) and W (ξ, t). Then
v(t) ∈ Rn and w(t) ∈ Rr are decomposed into the standard unit vectors ek ∈ Rn
and el ∈ Rr, according to

v(t) =
n∑
k=1

ak(t)ek, w(t) =
r∑
l=1

bl(t)el. (3.20)

Here the number of non-zero elements in the sets {ak(t) | k = 1, . . . n} and {b`(t) |
` = 1, . . . r} are m and ra respectively for any t ∈ T, where ra indicates the number
of active actuators. This way the discretized indicator functions become

V (t) := col(ei1>, . . . , eim>) ∈ Rm×n (3.21)

W (t) := col(ei1>, . . . , eira

>) ∈ Rra×r. (3.22)

Using the discretized indicator functions and sensitivities, the discretized vector of
NCE dNCE(t) := colξ∈X dNCE(ξ, t) ∈ R3n, influence functions and actuator forces
can be localized as,

dloc
NCE(t) =

V (t) 0 0
0 V (t) 0
0 0 V (t)

 dNCE(t) ∈ R3m (3.23)

sloc(t) =

V (t) 0 0
0 V (t) 0
0 0 V (t)

 s
W>(t) 0 0

0 W>(t) 0
0 0 W>(t)

 ∈ R3m×3ra (3.24)

F loc
act(t) =

W (t) 0 0
0 W (t) 0
0 0 W (t)

F act(t) ∈ R3ra . (3.25)

This way the discretized localized optimization problem becomes,

F loc∗
act (t) = arg min

F loc
act∈Floc(t)

‖dloc
NCE(t) + sloc(t)F loc

act‖∞. (3.26)
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Finally, we cast (3.26) into the format of an LP. An LP is characterized by a linear cost
function with linear constraints, e.g.

min c>x, s.t. Ax = b, x ≤ 0, (3.27)

where x indicates the solution variable. To bring (3.26) into this form, define
x := col(F loc

act, γ). Here γ = col(γx, γy, γz), defines the infinity norm of the
deformations in the slit in all three directions. As we want to minimize only these
upper bounds and not the actual actuator forces, take c> as,

c> =
[
0 0 . . . 1 1 1

]
. (3.28)

The influence functions and thermo-mechanical deformations are incorporated as
linear constraints, 

β(t)sloc −I
−β(t)sloc −I

I 0
−I 0

[F loc
act
γ

]
≺


−βdloc

NCE
βdloc

NCE
Fmax
Fmin

 , (3.29)

where I are identity matrices of appropriate dimensions, and β is the diagonal ma-
trix of weights βx, βy, βz as defined in (3.30),

β(t) =


1

‖uNCE
x (t)‖∞ I 0 0

0 1
‖uNCE

y (t)‖∞ I 0
0 0 1

‖uNCE
z (t)‖∞ I

 . (3.30)

Hence, the total LP is given by,

min
[
0 0 . . . 1 1 1

] [F loc
act
γ

]
(3.31a)


β(t)sloc −I
−β(t)sloc −I

I 0
−I 0

[F loc
act
γ

]
≺


−βdloc

NCE
βdloc

NCE
Fmax
Fmin

 , (3.31b)

in which the worst-case deformation is minimized in all three directions simulta-
neously.
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3.3.2 Integrated optimization

The integrated optimization strategy differs from the sequential strategy in the
sense that in the former both WS and POB corrections are optimized together with
the AWC forces. The motivation for this is the fact that all correction mechanisms
aim to achieve the same goal, namely minimal OVL and focus error.

As described in the Section 2.6, the WS and POB correctables are described by mul-
tivariate polynomials which are used to minimize the `2 norm of d̂kth(ξ, t) in each
spatial direction k ∈ {x, y, z} over one exposure field.

Combining the WS and POB correctables with the AWC correction into one opti-
mization problem, leads to the following objective

λ∗(t) = arg min
Fact∈F(t),

b∈Rnx+ny+nz

‖d0(ξ) + dth(ξ, t) + dcorr(ξ, t, b) + dact(ξ, Fact)‖∞. (3.32)

where the argument b =
[
bx by bz

]> parameterizes dcorr(ξ, t) as in (2.72). Here,
λ∗ =

[
F ∗act(t) b∗

]> where F ∗act(t) are the optimal AWC actuator forces at all times
during the scan and b∗ are the optimal correctable polynomial coefficients for the
given degree. As the WS and POB correctable polynomials are defined over the en-
tire field, the infinity norm is taken over all times t ∈ T and areas of interest which
gives

‖ζ(·, Fact, b)‖∞ := sup
ξ∈XAOI(t)
∀t∈T

max {βk|ζk(ξ, Fact, b)| | k ∈ {x, y, z}} , (3.33)

as the integrated optimization criterion. Hence, we aim to minimize the worst case
deformation in the exposure slit over the entire exposure time (e.g. center plot in
Figure 3.1) rather than pointwise in time in the exposure slit (e.g. left plot in Fig-
ure 3.1).

The LP formulation for the problem (3.33) is constructed as follows.

We define

A(ti) =
[
β(ti)sloc(ti)
−β(ti)sloc(ti)

]
(3.34)

Afield =


A(t1) 0 . . . 0

0 A(t2) . . . 0
...

...
. . .

...
0 0 . . . A(ts)

 . (3.35)
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For the correctable polynomials we create a matrix

P (ξ, ti) =


εxcorr(ξ, ti) 0 0

0 εycorr(ξ, ti) 0
0 0 εzcorr(ξ, ti)

−εxcorr(ξ, ti) 0 0
0 −εycorr(ξ, ti) 0
0 0 −εz,corr(ξ, ti)

 , (3.36)

where εkcorr with k ∈ {x, y, z} are the monomials of the correctable polynomials in
the respective spatial direction, evaluated at points (ξ, ti) with ξ ∈ XAOI(ti).

Using (3.36) the polynomials over the entire field can be written as,

Pfield =


P (ξ, t1)
P (ξ, t2)

...
P (ξ, ts)

 . (3.37)

Finally also define

Ifield =


−I . . . 0
−I . . . 0

. . .
0 −I
0 . . . −I

 (3.38)

and

F field
act =


F loc

act(t1)
F loc

act(t2)
...

F loc
act(ts)

 , dfield
th =


β(t1)(dloc

th (ξ, t1) + dloc
0 (ξ, t1))

−β(t1)(dloc
th (ξ, t1) + dloc

0 (ξ, t1))
...

β(ts)(dloc
th (ξ, ts) + dloc

0 (ξ, ts))
−β(ts)(dloc

th (ξ, ts) + dloc
0 (ξ, ts))

 , (3.39)

which are discretized in a similar fashion as the sequential optimization. Then the
total LP becomes

min
[
0 0 0 1 1 1

] F field
act
b
γslit

 (3.40a)
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s.t.

Afield Pfield Ifield
I 0 0
−I 0 0

F field
act
b
γslit

 ≤
 dfield

th
Fmax
−Fmin

 , (3.40b)

where 1 is a vector of ones of appropriate length,
γslit = col

(
γslit
x (t1), γslit

y (t1), γslit
z (t1), . . . , γslit

x (ts), γslit
y (ts), γslit

z (ts)
)

is a vector
of worst case deformations in each spatial direction in the exposure slit over the
entire scan time. Hence, this LP simultaneously optimizes the AWC actuator
forces F field

act and the coefficients of the WS and POB correctable polynomials bk
for k ∈ {x, y, z}, as defined in (2.72), such that the sum of the elements in γslit is
minimized. Note that the dimension of the LP grows significantly with the number
of time steps taken.

3.4 Simulation results

In this section we evaluate the performance of the localized FF controller on the
beam model of Figure 2.5, for both discussed optimization strategies.

3.4.1 Beam model - sequential optimization

The model for which we evaluate the AWC performance was introduced in Sec-
tion 2.3 and consists of 32, 2-DOF actuators. Through FEM we compute the ther-
mal induced deformations on the clamped beam due to exposure after which we
solve the sequential optimization problem according to (3.31). The resulting per-
formance for this setting is presented in Figure 3.2.

In this figure, the two subplots on the left top, show the wafer surface deformations,
before (blue) and after (red) AWC actuation around the exposure slit which is in-
dicated by the red shaded area. The black crosses in these figures indicate a burl
location. In the two subplots on the right top, the infinity norm of the deforma-
tions in the slit are presented at all locations in the field, where blue indicates the
performance without AWC and red the performance with AWC. Note that the per-
formance is normalized with respect to the worst case infinity norm in z-direction
over the entire field. Finally the bottom subplot indicates the scan overview. In
this figure the location of the slit with respect to the field is indicated, as well as the
active actuators which are indicate by the light blue bar.



52 Chapter 3. Localized feedforward control

Figure 3.2: Resulting performance of the AWC for the beam model with the sequen-
tial optimization algorithm.

From the performance over the entire field (right top figures) it is clear that the us-
ing the AWC a significant improvement can be achieved in both spatial directions.
Especially so in the z-direction in which a factor 5-10 improvement can be achieved
over the exposure. Furthermore in the left top figures, it can be seen that the AWC
removes the tilt in the deformations over the slit length resulting in an overal more
uniform deformation of smaller amplitude. In the scan overview we observe that
only 30% of the actuators is active at that time, resulting in a relatively compact op-
timization problem.

3.4.2 Beam model - integrated optimization

The resulting performance using the integrated optimization algorithm is pre-
sented in Figure 3.3. As the optimization simultaneously optimizes the WS and POB
corrections together with the AWC forces, results before AWC actuation are different
from those in Figure 3.2. Indeed, an error with large amplitude before AWC correc-
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tions but a spatial shape that is easily correctable may result in better performance.

A comparison of the infinity norm in the exposure slit for both algorithms is pro-
vided in Figure 3.4. The AWC performance for the integrated optimization is given
in grey, together with the result of the sequential optimization algorithm in black.
Again, the result is normalized with respect to the worst-case `∞ norm in z-direction
for the sequential algorithm. Optimizing the WS and POB corrections simultane-
ously with the AWC forces results in a slightly larger error before AWC corrections in
the z-direction. Also in the y-direction a slightly larger error occurs at the beginning
of the exposure. However, the performance after AWC correction is comparable to
the sequential optimization algorithm, with slightly better worst-case performance
over the entire field, i.e. the peaks at the beginning of the exposure are slightly lower.
Hence, using the integrated optimization, the shape after WS and POB correction is
slightly better correctable using the AWC. Nevertheless, the large dimensions of the
LP that needs to be solved for the integrated optimization results in a significant
computational load compared to the sequential algorithm.

Figure 3.3: Resulting performance of the AWC for the beam model with the inte-
grated optimization algorithm.
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Figure 3.4: The `∞ norm of deformations in the exposure slit before and after AWC
control, in y- and z-direction, for the sequential and integrated optimization algo-
rithm.



Chapter 4
Output feedback synthesis

Abstract The localized FF controller designed in Chapter 3 gives an indication of the
best achievable performance of the system under perfect conditions. However, the al-
gorithm is not able to adapt to modeling errors. Although the exposure of the silicon
wafer occurs in a strictly controlled setting, our model will surely have some mis-
matches with respect to reality. For example, the generated EUV dose may fluctuate
during exposure, wafer thickness may vary and imperfect actuation of the AWC ac-
tuators may reduce overall effectiveness of the correction mechanism. In the worst
case scenario this could actually lead to reduced overlay and focus performance of
the lithography tool with respect to a passive wafer clamp. Therefore, in this chapter
we aim to answer the following question.

How can we utilize sensor information to reduce overlay and focus errors
in the AWC concept?

4.1 Introduction estimation problem

In order to create a feedback loop, sensor information is required. Before exposure
of the wafer, a height map of the wafer is created by the level-sensor on the metrol-
ogy side of the EUV scanner, see Figure 4.1. The purpose of the construction of

55
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Figure 4.1: Schematic overview of metrology and exposure side in EUV scanner,
(Courtesy of ASML Netherlands B.V.)

the height map is to get information on initial deformations (non-flatness) of the
wafer and use this explicitly as a compensation mechanism during the illumina-
tion phase. It is important to emphasize that this measurement is off-line in the
sense that during exposure, deformations of the wafer surface cannot be measured
directly as this would interfere with the actual exposure. So, information on non-
flatness is measured a-priori and can not been measured in any on-line fashion.

Hence, any on-line measurement of wafer surface deformations during exposure
will be indirect, e.g. by measuring the deformations at the bottom of the wafer i.e.
from the clamp side. We could then get an estimate of the surface deformations
by using an observer. Possible methods for measuring deformations at the bottom
of the wafer include replacing burls by piezo electric sensors. In the case of the
burl actuation AWC concept, that would require a self-sensing implementation of
the piezo actuators, in which the actuator functions both as a sensor and actuator.
Alternatively, optical fibers can be incorporated in the clamp in-between the burls,
e.g. Figure 4.2. However, the actual measuring mechanism is not part of the study in
this thesis thus we shall assume that measurements are available from some device.

Then, the observer provides estimated surface deformations ẑ based on the mea-
surements y, which can be used in the sequential optimization algorithm to actuate
the AWC as best as possible in the presence of for example modeling errors or input
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disturbances w. A simple graphical interconnection scheme of the controller, AWC
and observer is shown in Figure 4.3.

Burls

Sensors

Figure 4.2: Example of optical sensors between burls.

Figure 4.3: Simplified interconnection diagram.

4.1.1 Estimation problem beam model

Let us summarize the problem at hand, illustrated by the simple beam model in
Figure 4.4. In this model the beam represents the cross-section of the wafer around
a field on the edge of the wafer. The field is is exposed by a heatload Q(y, t) which
moves from the outside of the wafer (left side) inwards (right side). Furthermore,
the beam is supported by a number of burls at which (possibly noise corrupted)
measurements are taken. Using the deformation measurements at the bottom of
the wafer, we want to estimate the deformations in the area of interest, i.e. the ex-
posure area which is indicated by the thick black line in Figure 4.4. We assume all
burls to be multi DOF sensors that measure deformations in y− and z−direction at
the burl locations.

Now let the thermo-mechanical behavior of the beam be described by a state-space
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Wafer

Deformation measurements

Area of interestz

y

Heatload Q(y,t)

Figure 4.4: Observer problem.

model Σ

Σ :=

ẋ(t)
z(t)
y(t)

 =

A Bu Bw
Cz Dzu Dzw

Cy Dyu Dyw

x(t)
u(t)
w(t)

 (4.1)

with state vector x(t) ∈ Rn, controlled input u(t) ∈ Rm, disturbance w(t) ∈ Rq,
performance output z(t) ∈ Rk and measured output y(t) ∈ Rl. More specifically,
u(t) is the heat-load due to exposure, y(t) are the measured deformations at the burl
locations and z(t) are the surface deformations of the wafer in the exposure field.
Then, given the measurements y(t) at the bottom of the wafer, we want to obtain
estimates of z(t) by interconnecting the model with an observer. The observer Σ̂ is
a dynamical system that has the following structure

Σ̂ :=
[ ˙̂x(t)
ẑ(t)

]
=
[
A+ LCy Bu + LDyu −L

Cz Dzu 0

]x̂(t)
u(t)
y(t)

 (4.2)

and produces estimates ẑ(t) of the true signal z(t) given the input u(t) and the mea-
sured signal y(t). The quality of this estimate is indicated by the estimation error
e = z − ẑ. The interconnection of the system and observer is drawn in the signal
diagram in Figure 4.5.

The interconnected system describes the estimation error dynamics and with es =
x− x̂ is given by

Σe :=
[
ės(t)
e(t)

]
=
[
A+ LCy Bw + LDyw

Cz Dzw

] [
es(t)
w(t)

]
. (4.3)

The problem of this chapter revolves around synthesis of the observer gain L, such
that the error dynamics is stable and that that estimation error achieves a certain
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Figure 4.5: Signal diagram observer.

performance. At the end of this chapter, a full feedback simulation is presented
in which the estimated deformations are used in the sequential optimization algo-
rithm rather than the deformations predicted by the FEM model simulations.

4.2 Performance criteria

The estimation error that a certain observer achieves can be measured in differ-
ent system norms. In this section we will briefly discuss a number of these per-
formance measures, together with a synthesis procedure for obtaining an observer
that achieves this performance.

4.2.1 H2 performance

Consider the observer diagram as in Figure 4.5, with error dynamics (4.3) for which
we indicate the transfer function from w to e by Tew.

A well known and often used performance measure is the H2 norm. The definition
of this norm, for a transfer function Tew, is given as

‖Tew‖H2 :=

√
1

2π

∫ ∞
−∞

tr[Tew(jω)Tew(jω)∗]dω. (4.4)

The H2 norm of a system can be interpreted as the average system gain over all
frequencies [42] and the squaredH2 norm coincides with the total output energy of
the impulse response [43].

In terms of the observer synthesis problem, this means that anH2 optimal observer
minimizes the energy in the impulse response of the error system (4.3). TheH2 opti-
mal control and observer problem has been documented in many papers and text-
books, see for example [44][43][45]. The procedure to do so, is either through Riccati
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based solutions or by convex optimization of linear matrix inequalities (LMIs). The
LMI method has the advantage of being less restrictive than the Riccati method as
it does not involve any matrix inverses [46].

LMI conditions - observer synthesis

Proposition 4.1. Provided that the feed-through terms in (4.3)Dzw = Dyw = 0
such that the H2 norm of the error system is bounded, then ‖Σe‖H2 < γ for a
given observer gain L if the following LMIs are feasible in (P,Z, γ)[

(A+ LCy)>P + P (A+ LCy) P (B + LDyw)
(B + LDyw)>P −γI

]
≺ 0,[

P Cz
>

Cz Z

]
� 0, tr(Z) < γ, P = P> � 0.

(4.5)

Proof. Apply the Schur complement to the first LMI to get

(A+ LCy)>P + P (A+ LCy) + 1
γ
P (B + LDyw)(B + LDyw)>P ≺ 0. (4.6)

Pre- and post-multiply by
√
γP−1 and define P̃ = γP−1 such that

P̃ (A+ LCy)> + (A+ LCy)P̃ + (B + LDyw)(B + LDyw)> ≺ 0. (4.7)

Hence, P̃ is a solution to the controllability Lyapunov inequality. Applying Schur to
the second LMI

0 ≺ Z − CzP−1Cz
> (4.8)

≺ γZ − CzP̃Cz> (4.9)

taking the trace and adding the third LMI,

trCzP̃Cz> < γtrZ < γ2 (4.10)

implies ‖Σe‖2H2
< γ2. �

In order to synthesize the observer gainL that achieves optimalH2 performance we
introduce Y = PL. Then solve the following optimization problem

min γ

s.t.
[
A>P + PA+ Cy

>Y > + Y Cy PB + Y Dyw

B>P +Dyw
>Y > −γI

]
≺ 0,[

P Cz
>

Cz Z

]
� 0, tr(Z) < γ, P � 0.

(4.11)

The optimal observer gain is then given by L = −P−1Y .
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4.2.2 Generalized H2 performance

In the application discussed in this thesis we desire to assess performance in terms
of an L∞ norm, or peak norm, on the wafer surface deformations. Let us define the
peak norm of some signal z(t) as the largest absolute element of the signal as,

‖z|‖∞ := max
j=1,...,k

sup
t≥0
|zj(t)|. (4.12)

Alternatively the peak norm of z(t) may be defined in terms of its Euclidean norm

‖z|‖∞ := sup
t≥0

√
〈z(t), z(t)〉 (4.13)

with the standard inner product

〈z(t), z(t)〉 := z(t)>z(t). (4.14)

As we desire an amplitude norm on the deformations, we would also like to impose
an amplitude norm on the estimation error. For this consider the generalized H2
norm. The generalized H2 norm is characterized as an L2 −L∞ induced norm, [47]

‖Tew‖Hg2 = sup
0<‖w‖2<∞

‖e‖∞
‖w‖2

(4.15)

=

√
f

(
1

2π

∫ ∞
−∞

Tew(jω)Tew(jω)∗dω
)

(4.16)

with

f(·) :=
{
dmax(·) if ‖e|‖∞ = maxj=1,...,k supt≥0 |ej(t)|,
λmax(·) if ‖e|‖∞ = supt≥0

√
〈e(t), e(t)〉.

(4.17)

Here dmax(·) denotes the maximum diagonal value, and λmax(·) denotes the maxi-
mum eigenvalue. Note that if f(·) = tr(·), (4.16) becomes to (4.4).

Hence, for the observer, ‖Σe‖Hg2 < γ means that we can guarantee an upper-bound
on the estimation error as ‖e‖∞ < γ‖w‖2 for all ‖w‖ ∈ L2.
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LMI conditions - observer synthesis

Proposition 4.2. Given observer gain L, ‖Σe‖Hg2 < γ if and only if there exists
a matrix P � 0 such that the following LMIs are feasible[

(A+ LCy)>P + P (A+ LCy) P (B + LDyw)
(B + LDyw)>P −γI

]
≺ 0,

[
P Cz

>

Cz γI

]
� 0.

(4.18)

Proof. The first LMI is equivalent to the dissipativity of Σe with respect to the supply
function γ‖w‖2. Thus if a P exists that satisfies the first LMI,

es(t)>Pes(t) ≤ es(0)>Pes(0) + γ

∫ t

0
w(τ)>w(τ)dτ. (4.19)

With es(0) = 0 that reduces to,

es(t)>Pes(t) ≤ γ
∫ t

0
w(τ)>w(τ)dτ ≤ γ‖w‖2L2

. (4.20)

The second LMI yields, γ > 0 and

P − 1
γ
Cz
>Cz � 0 (4.21)

P � 1
γ
Cz
>Cz. (4.22)

Then,

1
γ
‖Czes(t)‖2 ≤ es(t)>Pes(t) ≤ γ‖w‖2L2

(4.23)

1
γ
‖e(t)‖2 ≤ γ‖w‖2L2

∀w (4.24)

such that the supremum over all time t ≥ 0 gives

‖e‖2∞ ≤ γ2‖w‖2L2

which implies ‖Σe‖Hg2 < γ. The “only if” part of the proposition follows automati-
cally by reversing the proof. �
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For synthesis of the generalized H2 optimal observer gain L, define Y = PL to cre-
ate linearity in the inequalities. Then solve the following optimization problem

min γ

s.t.
[
A>P + PA+ Cy

>Y > + Y Cy PB + Y Dyw

B>P +Dyw
>Y > −γI

]
≺ 0,

[
P Cz

>

Cz γI

]
� 0, P � 0.

(4.25)
and set L = −P−1Y . Note that the resulting observer guarantees performance for
‖e‖∞ as in (4.13), as there exists no LMIs for the definition of (4.12).

4.2.3 Kalman-Bucy filter

Another filter that achieves optimal H2 estimation performance is the well known
Kalman-Bucy filter [48] or stationary Kalman filter.

Proposition 4.3. The Kalman-Bucy filter is an optimal H2 observer for all Cz.

Proof. Let us consider the deterministic interpretation of the Kalman filter as in
[49], i.e. w is a deterministic disturbance. The aim of the to-be-designed filter with
impulse response f(t) is to minimize the H2 norm of the error system Σe,

J(f) = ‖Σe‖2H2
. (4.26)

Then by Parseval’s theorem

J(f) =
∫ ∞

0
‖Cz expAtBw − f ∗ Cy expAtBw − f(t)Dyw‖2dt (4.27)

represents the L2 norm of the impulse response from w � e of the error system Σe.

Next consider the dynamical system

q̇ = qA− fCy, with q(0) = q0 ∈ R1×n (4.28)

that has solution q(t) = q0 expAt−f ∗Cy expAt. Taking q0 = Cz ∈ R1×n (single output
case) we can write

J(f) =
∫ ∞

0
‖q(t)Bw − f(t)Dyw‖2dt. (4.29)

Now if we take K as the solution of the algebraic Riccati equation (ARE)

AK +KA> −KCy>(DywDyw
>)−1CyK +BwBw

> = 0 (4.30)
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solving d
dtqKq

> gives,

d

dt
qKq> = (qA− fCy)Kq> + qK(qA− fCy)> (4.31)

= q(AK +KA>)q> − 2fCyKq> (4.32)

= q(KCy>(DywDyw
>)−1CyK −BwBw>)q> − 2fCyKq> (4.33)

= −‖qBw − fDyw‖2 + ‖f − qKCy>(DywDyw
>)−1‖2(DywDyw) (4.34)

where we use DywBw
> = 0 which means that disturbances acting on the state are

independent of those acting on the measurement. Hence,(4.29) can be written in
terms of K as,

J(f) =
∫ ∞

0
− d

dt
qKq>dt+

∫ ∞
0
‖f − qKCy>(DywDyw)−1‖2(DywDyw)dt (4.35)

such that for all solutions q(t) that satisfy limt→∞ q(t) = 0 the cost is given as,

J(f) = q0Kq0
>dt+

∫ ∞
0
‖f − qKCy>(DywDyw)−1‖2(DywDyw)dt. (4.36)

From this it is evident that J(f) attains its minimum when the term inside the in-
tegral becomes zero. Hence the optimal impulse response f(t)∗ of the filter is given
as

f(t)∗ = q(t)KCy>(DywDyw
>)−1 (4.37)

= Cz exp(A−KCy
>(DywDyw

>)−1Cy)tKCy
>(DywDyw

>)−1 (4.38)

which can be represented in state space form as

Σ̂k

{
˙̂x = (A−KCy>(DywDyw

>)−1Cy)x̂+KCy
>(DywDyw

>)−1y(t)
ẑ = Czx̂

. (4.39)

Note that this is equivalent to the representation of an observer with observer gain
L = −KCy>(DywDyw

>)−1. Furthermore, the optimal K does not depend on Cz
and thus the Kalman-Bucy filter is H2 optimal for all Cz. the optimal cost related to
the transfer from w to e is equal to J(f∗) = CzKCz

> which for the multiple output
case becomes J(f∗) = trCzKCz>. �

It can be shown that the Kalman-Bucy filter is optimal in terms of the generalized
H2 norm as proven in [50]. Here we demonstrate the equivalence between the LMI’s
in (4.16) and the solution of the ARE.
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A system with asymptotically stable error dynamics according to

Σe

ės = (A+ LCy)es +
[
BQ1/2 LR1/2

] [w1

w2

]
e = Czes

, (4.40)

for observer gain L, achieves generalized H2 performance < γ if there exists a sym-
metric matrix P � 0 such that the inequalities[

(A+ LCy)>P + P (A+ LCy) P (BQ1/2 + LR1/2)
(BQ1/2 + LR1/2)>P −γI

]
≺ 0,

[
P Cz

>

Cz γI

]
� 0, (4.41)

are feasible. HereQ andR represent the covariance matrices of the disturbancesw1
and w2 according to w = [w1 w2]>, B is defined as the columns of Bw related to w1,
i.e. Bw = [B 0] and Dyw = [0 I].

Then, define P̃ = 1
γP and pre- and post-multiply the LMIs by 1√

γ ,

[
(A+ LCy)>P̃ + P̃ (A+ LCy) P̃ (BQ1/2 + LR1/2)

(BQ1/2 + LR1/2)>P̃ −I

]
≺ 0,

[
γP̃ Cz

>

Cz γI

]
� 0.

(4.42)
Applying the Schur complement to the first LMI gives,

(A+ LCy)>P̃ + P̃ (A+ LCy) + P̃ (BQ1/2 + LR1/2)(BQ1/2 + LR1/2)>P̃ ≺ 0.
(4.43)

Take K = P−1 and pre- and post-multiply by K such that

KA> +AK + LCyK +KCy
>L> +BQB> + LRL> ≺ 0, (4.44)

which if we take L = −KCy>R−1 is equal to the algebraic Riccati inequality (ARI)

KA> +AK −KCy>R−1CyK +BQB> � 0. (4.45)

The optimal K computed for the stationary Kalman gain then solves the equality
rather than the inequality. Using the solution K of the ARE in the second LMI gives[

γK−1 Cz
>

Cz γI

]
� 0 (4.46)

such that the achieved generalized H2 performance is Cz>CzK ≺ γ2.



66 Chapter 4. Output feedback synthesis

4.2.4 L1 optimal performance

The L1 system norm characterizes a worst case gain from amplitude bounded in-
puts w to amplitude bounded outputs e, i.e. the L∞ − L∞ induced norm is given
by

‖Tew‖L1 = ‖Tew‖∞,∞ = sup
0<‖w‖∞<∞

‖e‖∞
‖w‖∞

. (4.47)

The L∞−L∞ induced norm coincides with the L1 norm of the impulse response of
the transfer function Tew, hence the name.

Defining performance in terms of worst-case amplitudes makes a lot of sense in
practical applications, as typically in engineering we deal with absolute upper- and
lower-bounds on performance. For example, in lithography if overlay errors exceed
a certain amount of nanometers, two layers do not connect and a chip is faulty. A
mechanical component may break if a certain displacement is exceeded etcetera.
An H2 or H∞ performance measure does not provide such guarantees about the
amplitudes of the performance output.

LMI conditions - observer synthesis

Proposition 4.4. The system Σe achieves an L∞ induced norm < γ if there
exist P � 0, λ > 0, µ > 0 such that the following inequalities are feasible[

(A+ LCy)>P + P (A+ LCy) + λP P (B + LDyw)
(B + LDyw)>P −µI

]
≺ 0,λP 0 Cz

>

0 (γ − µ)I Dyw
>

Cz Dyw γI

 � 0.
(4.48)

Proof. The first inequality is equivalent with

d

dt
es(t)>Pes(t) + λes(t)>Pes(t)− µw(t)w(t) < 0 (4.49)

such that
es(t)>Pes(t) ≤

µ

λ
.
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The second inequality then implies[
λP 0
0 (γ − µ)I

]
− 1
γ

[
Cz Dyw

]> [Cz Dyw

]
� 0 (4.50)

‖e(t)‖2 ≤ γ(λes(t)>Pes(t) + (γ − µ)‖w(t)‖2) (4.51)

‖e(t)‖2 ≤ γ2‖w(t)‖2. (4.52)

Taking the supremum over all time t ≥ 0 then gives

‖e‖∞ ≤ γ‖w‖∞.

�

Synthesis of an L1 optimal observer gain L, is slightly more involved than for the
previous performance measures. Again define Y = PL and fix λ > 0 to a certain
value. Then problem becomes

min γ

s.t.
[
A>P + PA+ Cy

>Y > + Y Cy + λP PB + Y Dyw)
B>P +Dyw

>Y > −µI

]
≺ 0,λP 0 Cz

>

0 (γ − µ)I Dyw
>

Cz Dyw γI

 � 0, P � 0, µ > 0.

(4.53)

Here the optimal γ∗ depends on the parameter λ. To ensure optimality of γ over all
λ, a line-search algorithm over λ solves (4.53) iteratively to find smallest γ satisfying
(4.53). It should be noticed that the conditions in (4.53) are sufficient to warrant
that the L1 gain is bounded by γ. The conditions are not necessary. Thus, a line-
search over λ will, at best, improve a guaranteed upper bound of the peak-to-peak
gain, not necessarily the smallest [43].

4.2.5 Switched generalized H2 observer

Finally, instead of synthesizing one observer with a constant gain during the entire
exposure of one field, a switched observer is created. The motivation for this idea,
is the fact that the real performance criterion is defined in the exposure slit XAOI(t)
which moves along the field during a scan, rather than for the entire field as was the
case with the previous observers. This means Cz in (4.1) becomes a time varying
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matrix, depending on the location of the slit. Depending on the size of the time-
step, the slit has moved less than its length in the scan direction. Hence, designing
an observer for every time-step may result in overlap in space as graphically shown
in Figure 4.6. In this figure, the shaded area indicates the area of the exposure slit at
time ti and Li is the corresponding observer gain.

Figure 4.6: Spatial overlap in switched observer design.

The objective to design m observer gains Lk, k = 1, . . . ,m for different Cz,k can
be easily achieved through the LMI methods discussed in the previous sections.
To guarantee stability of the switched error dynamics, we determine a common
quadratic Lyapunov function for the switched system V (es) = es

>Pes with P > 0.
Existence of such a Lyapunov function, for a switched generalizedH2 observer with
observer gains Lk, can be validated by feasibility of the following LMIs[

(A+ LkCy)>P + P (A+ LkCy) P (B + LkFDyw)
(B + LkDyw)>P −γkI

]
≺ 0, for k = 1, . . . ,m[

P Cz,k
>

Cz,k γI

]
� 0, for k = 1, . . . ,m

P � 0.

(4.54)

For synthesis of the observer gains such that the switched system achieves optimal
generalized H2 performance, define Yk = PLk and solve

min
m∑
k=1

γk

s.t.
[
A>P + PA+ Cy

>Yk
> + YkCy PB + YkDyw

B>P +Dyw
>Yk

> −γkI

]
≺ 0, for k = 1, . . . ,m[

P Cz,k
>

Cz,k γkI

]
� 0, for k = 1, . . . ,m

P � 0.

(4.55)

Now for all k the same Lyapunov function P satisfies the LMIs with different Lk.
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The number of observers m is a free choice here. For example, m can be based on
the clock time of the discrete time implementation or on the geometrical features
of the field, e.g. distance between burls. However, note that the number of variables
and constraints in (4.55) grows significantly withm, increasing computational com-
plexity.

4.3 Model reduction

4.3.1 Introduction

As discussed in Chapter 2, the thermo-mechanical behavior of the wafer and clamp
during exposure is modeled using FEM. The algorithms for synthesizing the ob-
servers, as discussed in the previous section (4.2), rely on a state-space description
of this FEM model. There are different ways to obtain such a description from a FEM
model. For example, build in functions in COMSOL Multiphysics® can be used to
export a state-space model that describes the dynamics of the FEM model. How-
ever, if we want to retain the spatial structure and resolution of the original FEM
model, the state-space model will have at least the same number of states as there
are number of nodes. Typically for complex geometries, or models where high spa-
tial resolutions are required, the FEM mesh is very dense resulting in huge state
space models, e.g. ≥ 100, 000 states. To be able to work with these models and solve
for example any of the LMI problems presented in the previous section, we require
a reduced order model.

Over the years different model order reduction (MOR) techniques have been devel-
oped, of which many can be found in [36]. For spatial-temporal systems, modeled
in FEM, the simplest way to apply MOR is to reduce spatial resolution, i.e. use a
coarser mesh. However, as stated in Chapter 2, an incredibly dense mesh is re-
quired to accurately represent the input to the system (exposure slit) and prevent
locking of the mesh. Hence, reducing the resolution jeopardizes the accuracy of
the solutions. Lets consider the meshing to be tuned in such a way that the spatial
resolutions are acceptable while still resulting in a stable state-space model Σ with
eigenvalues |λ(A)| < 1 and state dimensions n > 100, 000

Σ :
{
x(k + 1) = Ax(k) +Bu(k)
y(k) = Cx(k) +Du(k)

. (4.56)
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The MOR problem amounts to finding a reduced order model Σr

Σr :
{
xr(k + 1) = Arxr(k) +Bru(k)
y(k) = Crxr(k) +Dru(k)

, (4.57)

that still accurately describes the system dynamics of the full order model.

4.3.2 The proper orthogonal decomposition method

The proper orthogonal decomposition (POD) method is a data-driven model re-
duction strategy that aims to project the full order system Σ given in (4.56) onto a
reduced order optimal orthonormal basis for the observed behavior of the full or-
der system. More precisely, let ξ ∈ X ⊂ R2 be spatial coordinates and X denote a
seperable Hilbert space of functions ϕ : X → R. The inner product on this space is
weighted with a positive definite weighting function W : X→ R such that

〈ϕi(ξ), ϕj(ξ)〉W =
∫
X
ϕi(ξ)W (ξ)ϕj(ξ)dξ ϕi, ϕj ∈ X (4.58)

and its weighted induced norm is given by

‖ϕ‖W =
√
〈ϕ(ξ), ϕ(ξ)〉W . (4.59)

The functions ϕi, ϕj ∈ X are orthonormal when they satisfy the following condition

〈ϕi, ϕj〉W =
{

1 if i = j

0 otherwise.
(4.60)

Then a set of these functions {ϕi}Ri=1 are an orthonormal basis of a finite dimen-
sional subspace XR ⊂ X , if the functions ϕ1(ξ), . . . , ϕR(ξ) ∈ XR are pairwise or-
thonormal such that any function x ∈ XR can be represented as,

x(ξ) =
R∑
i=1
〈x, ϕi〉W ϕi(ξ). (4.61)

The POD method is a data-based reduction method that searches for an optimal
projection space Xr on which the model is projected. For this, it is assumed that a
measurement (either from experiments or simulated solutions) x(t, ξ), with t ∈ T
and ξ ∈ X is available and satisfies x(t, ·) ∈ X for any frozen time sample t. Given
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such a function x and a reduction order r, the problem then amounts to finding r
orthonormal basis functions ϕ1, . . . , ϕr ∈ X such that the criterion function

J(ϕ1, . . . , ϕr) =
∫
T

∥∥∥∥∥x(t, ξ)−
r∑

k=1
ak(t)ϕk(ξ)

∥∥∥∥∥
2

dt (4.62)

is minimized over all possible sets of r orthonormal basis functions.

If the spatial domain X is discretized into a finite number of points n and T = Td =
{t1, . . . , tm} is a discrete set ofm time instances, the optimization of (4.62) becomes
an algebraic problem that is easily solved. If we collect all time-snapshots xj =
x(tj , ξ), j = 1, . . . ,m in a matrix X = [x1, . . . , xm] ∈ Rn×m, referred to as snapshot
matrix, and all basis functions ϕi in a matrix Φ = [ϕ1, . . . , ϕr] ∈ Rn×r, (4.62) can be
written compactly as,

J(Φ) = ‖X − ΦΦ>WX‖2F . (4.63)

where ‖X‖2F = Tr(X>X). Note that for orthonormality Φ>WΦ = I should still
hold.

Theorem 4.5 (Optimal POD basis).
Suppose that X = Rn is equipped with the weighted inner product (4.58) with
positive definite symmetric weight W , and T a finite set of m time samples. Let
x(t, ξ) be given and stored in the matrix X ∈ Rn×m with

Xi,j = x(tj , ξi)

Then, the optimal POD basis of order r, indicated by {ϕk}rk=1 with ‖ϕk‖W = 1,
that minimizes J defined in (4.62) is given by ϕk = W−1/2ψk with ψk the dom-
inant r eigenvectors of W 1/2XX

>
W 1/2. That is,

W 1/2XX
>
W 1/2ψk = λkψk

with λ1 ≥ · · · ≥ λr > 0.

Proof. Let ϕ1, . . . , ϕr denote the normalized basis function satisfying the claim. Let
ϕk, k = r + 1, . . . n be a set of complementary orthonormal basis functions so that
ϕk, k = 1, ..., n spans X . To prove the theorem, we show that the cost of the ap-
proximation error created by truncating the basis functions at r is minimal. For any
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basis that is orthonormal with respect to the inner product 〈·, ·〉W we have

J(ϕ1, . . . , ϕr) =
m∑
l=1

∥∥∥∥∥xl −
r∑

k=1
〈xl, ϕk〉W ϕk

∥∥∥∥∥
2

W

(4.64)

=
n∑
k>r

m∑
l=1
〈xl, ϕk〉2W (4.65)

=
n∑
k>r

ϕk
>WXX>Wϕk. (4.66)

Now take ψk as the normalized eigenvectors (unweighed) satisfying
W 1/2XX>W 1/2ψk = λkψk and set ϕk = W−1/2ψk to obtain

J(ϕ1, . . . , ϕr) =
n∑
k>r

ψk
>(W−1/2)>WXX>WW−1/2ψk (4.67)

=
n∑
k>r

ψk
>W 1/2XX>W 1/2ψk (4.68)

=
n∑
k>r

λkψk
>ψk. =

n∑
k>r

λk. (4.69)

Hence, the cost is minimal for all r since the eigenvalues are ordered according to
λ1 ≥ . . . ≥ λn.

The solution to the POD basis problem is obtained by solving the eigenvector prob-
lem for W 1/2XX>W 1/2. The eigenvectors of this matrix coincide with the left sin-
gular vectors of W 1/2X. Indeed, with the SVD of W 1/2X = UΣV >,

W 1/2XX>W 1/2 = UΣV >V Σ>U> = UΣΣU>. (4.70)

Then for the kth column uk of U ,

W 1/2XX>W 1/2uk = σ2
kuk (4.71)

which is of the same structure as the eigenvalue problem
W 1/2XX>W 1/2ψk = λkψk, with ψk = uk and λk = σ2

k. �

Using the optimal basis found from the snapshot matrix, Φ ∈ Rn×r we use a
Galerkin projection U = V > = Φ to reduce the model order such that the matri-
ces in (4.57) are given by Ar = V >AU , Br = V >B and Cr = CU .
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4.3.3 Tensor methods

The standard SVD, used in the POD method, does not take the Euclidean structure
of the spatial domain X and its discretization X into account. In setting X = Rn as
the space in which the time samples xj reside, the underlying Euclidean structure
of the spatial domain is disregarded. Hence, the left singular vectors of the SVD ofX
are basis functions that do not distinguish among the coordinates of the Euclidean
structure of the x, y-plane.

However, it may be desirable to get optimal basis functions in each spatial direction
individually. This provides the ability to steer the accuracy of the reduced order
model into a certain spatial direction. In order to do so, we consider in this section
multi-dimensional arrays as we need to store multi-dimensional data (2D or 3D
spatial information and temporal information) in the right format. This is done by
the use of tensors.

Preliminaries

Let Xn, n = 1, . . . , N be normed vector spaces and let X ∗n denote the algebraic dual
ofXn (i.e., the set of all linear functionals mappingXn to R). Denote, for any u ∈ X ∗n
the evaluation u(x) of u at x ∈ Xn by

u(x) = 〈u, x〉

where 〈·, ·〉 is the bilinear form that maps X ∗n ×Xn (in this order) to R.

Definition 4.1. A tensor of order N is a multi-linear functional (linear in each
argument)

T : X1 × · · · × XN → R

defined on the N sets Xn, n = 1, . . . , N . If dim(Xn) = Ln < ∞ for all
n = 1, . . . , N , then T is a finite dimensional tensor otherwise it is an infinite
dimensional tensor.

Here, multi-linear means linear in each and every individual argument while freez-
ing other arguments. Thus,

T (x1, . . . , xn−1, ·, xn+1, . . . xN )

is a linear map fromXn to R for every n, and for every set of elements xm ∈ Xm, with
n 6= m. In this chapter we focus on finite dimensional tensors only.
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A tensor of order N , with a basis of Xn given as

{e(ln)
n | ln = 1, . . . , Ln}, n = 1, . . . , N (4.72)

can be represented by an N-dimensional array as

T(e(l1)
1 , . . . , e(ln)

n ) = [[tl1,...,ln ]] ∈ RL1×...×LN . (4.73)

In line with this definition of a tensor, a matrix is a tensor of order 2, [[t]] ∈ RL1×L2 ,
and a vector is a tensor of order 1, [[t]] ∈ RL1 . A graphical representation of a tensor
of order 3 is given in Figure 4.7.

Figure 4.7: Graphical representation of a 3rd order tensor. Each cube indicates one
entry in the tensor.

Furthermore, let TN denote all order N tensors mapping X1 × · · · × XN → R and let
T ∗N denote the set of all order N tensors mapping X ∗1 × · · · × X ∗N → R.

The dual basis of the basis of Xn (defined in (4.72)) is a basis of X ∗n , indicated as

{ϕ(ln)
n | ln = 1, . . . , Ln}, n = 1, . . . , N (4.74)

and is defined by

〈ϕ(li)
n ,

Ln∑
j=1

cje
lj
n 〉 = ci, i = 1, . . . , Ln (4.75)

for any set of coefficients ci ∈ R.

Then the dot-product of two tensors T ∈ TN and T∗ ∈ T ∗N is defined as

〈T∗,T〉 =
∑

k1,...,kN

∑
l1,...,lN

t∗k1,...,kN
tl1,...,lN 〈ϕ

(k1)
1 , e

(l1)
1 〉 · · · 〈ϕ(kN )

1 , e
(lN )
1 〉 (4.76)
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The operator norm of a tensor T ∈ TN is defined as the maximum amplitude that
the tensor can take for unit vectors xn ∈ Xn, i.e.

‖T‖ := max
xn∈Xn, ‖xn‖=1

n=1,...,N

|T(x1, . . . , xN )|. (4.77)

The same definition applies to order N tensors in T ∗N but then the norm ‖x∗n‖ is
taken with respect to the norm induced by the dual spaces X ∗N which is given by

‖x∗n‖ := sup
xn∈X , ‖xn‖=1

|〈x∗n, xn〉| = sup
xn∈X , ‖xn‖=1

〈x∗n, xn〉
‖xn‖

. (4.78)

The pair (x∗n, xn) ∈ X ∗n ×X is called aligned if

|〈x∗n, xn〉| = ‖x∗n‖‖xn‖. (4.79)

Also, xn ∈ Xn is called an annihilator of x∗n ∈ X ∗ if 〈x∗n, xn〉 = 0. It is easily seen that
the set of all annihilators of an element x∗n ∈ X ∗n is a subspace V ⊂ X and that, more
generally, the set of all annihilators of elements in a subset S ⊂ X ∗n is a subspace
too, that we denote as S⊥. Thus S⊥ is a subspace of Xn for any set S ⊂ X ∗n .

Furthermore, we define a rank-1 tensor U ∈ TN as the linear functional

U(x1, . . . , xN ) := 〈u1, x1〉 · · · 〈uN , xN 〉, (4.80)

with xn ∈ Xn and un ∈ X ∗n for n = 1, . . . , N . The rank-1 tensor is fully determined
by the elements un ∈ X ∗n , n = 1, . . . , N and denoted as U = u1 ⊗ · · · ⊗ uN .

Theorem 4.6. The rank-1 tensor U ∈ TN has norm

‖U‖ =
N∏
n=1
‖un‖

where un ∈ X ∗n and the norm on the right-hand-side is the norm of the dual
space X ∗n of Xn.

Proof. Following the definition of the operator norm (4.77), the norm of the rank-1
tensor is

‖U‖ = max
xn∈Xn,‖xn‖=1

|U(x1, . . . , xN )| = max
xn∈Xn,‖xn‖=1

N∏
n=1
〈un, xn〉. (4.81)
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From the norm on the dual space (4.78) and the normalization of xn ∈ Xn we get

〈un, xn〉 ≤ ‖un‖‖xn‖ ≤ ‖un‖. (4.82)

Hence,

‖U‖ ≤
N∏
n=1
‖un‖. (4.83)

To prove equality, take xn aligned with un and normalized such that ‖xn‖ = 1 to
prove that the theorem holds. �

Finally, we introduce two types of tensor decompositions, Candecomp-Parafac
(Definition 4.2) and Tucker (Definition 4.3).

Definition 4.2.
A Candecomp-Parafac (CP) decomposition of the tensor T ∈ TN into rank-1
tensors Ur ∈ T ∗N is given by

T =
R∑
r=1

σrUr. (4.84)

From the CP decomposition, the rank of the tensor T is defined as the smallest
number R for which the tensor T can be composed exactly.

Definition 4.3.
ATucker decomposition of the tensor T ∈ TN is given in terms of the dual basis
{ϕlnn |ln = 1, . . . , Ln} as

T = σ ×1 Φ1 ×2 . . .×N ΦN =
R1∑
l1=1
· · ·

RN∑
lN =1

σl1,...,lNϕ
(l1)
1 ⊗ · · · ⊗ ϕ(lN )

N (4.85)

where ×n is the n-mode product, σ is the core tensor [[σ`1,...,`N
]] and Φn =[

ϕ
(1)
n . . . ϕ

(Rn)
n

]
are called factor matrices.

From the Tucker decomposition, the concept of a modal rank of T is defined as a
vector that indicates the rank of each mode n or direction of the tensor,

modrank(T) = (R1, . . . , RN ). (4.86)



4.3. Model reduction 77

where
Rn = rank Mn

with Mn the matrix

Mn = col(T(·, . . . , ·, e`n
n , ·, . . . , ·) | `n = 1, . . . , Ln).

Higher-order SVD

To obtain reduced order basis functions for each individual direction of the ten-
sor we can employ a method known as the higher-order SVD (HOSVD) introduced
in [53]. The HOSVD is a multilinear generalization of the usual matrix SVD, and
is based on a Tucker decomposition (4.85). To determine the factor matrices, the
HOSVD algorithm flattens/unfolds the tensor in each direction into individual ma-
trices. Unfolding of a tensor T ∈ TN is done by reordering the tensor elements along
each individual direction or moden into a matrixMn ∈ RRn×(R1...Rni−1ni+1...nL). For
example, unfolding the order 3 tensor T ∈ Rnx×ny×m of Figure 4.7 into three ma-
trices Mx ∈ Rnx×(nym), My ∈ Rny×(nxm), M t ∈ Rm×(nxny) is graphically demon-
strated in Figure 4.8. Thus, Rn in (4.86) represents the rank of the unfolding matrix
Mn.

Figure 4.8: Graphical representation of unfolding of the tensor T ∈ Rnx×ny×m into
three matrices Mx ∈ Rnx×(nym), My ∈ Rny×(nxm), M t ∈ Rm×(nxny) .

Then, the factor matrices in (4.85) Φn =
[
ϕ

(1)
n . . . ϕ

(Rn)
n

]
consist of the left singu-

lar vectors of the SVD of the unfolding Mn according to Mn = ΦnΣnVn>. Hence,
the left singular vectors of Mn are generalized as n-modal singular vectors [53] that
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form a basis ofX ∗n . Outer-products of the n-mode singular vectors form rank-1 ten-
sors. Hence, the magnitude of the elements in the core tensor σl1,...,lN then indicate
the significance of the rank-1 tensor constructed from the n-mode singular vectors
ϕ

(l1)
1 ⊗ · · · ⊗ ϕ(lN )

N in the representation of the tensor T.

For the reduction of the dynamical model (4.56), the solution of the temperature
distribution is represented as an order 3 tensor in x, y, t-direction as T ∈ Rnx×ny×m.
Using the HOSVD algorithm, a core tensor σ is obtained as well as the n-mode
basis functions for n ∈ {x, y, t}. Reduction of the model order is achieved
through projection of the system onto the spatial basis functions. The spatial
basis functions obtained from the HOSVD are given by ϕkx,y = ϕ

(i)
x ⊗ ϕ

(j)
y for

i ∈ {1, . . . Rx}, j ∈ {1, . . . Ry} and k ∈ {1, . . . RxRy} where k is ordered based on
the magnitude of the elements i, j of the core tensor. The matrix of basis functions
U =

[
col
(
ϕ1
x,y

)
, . . . , col

(
ϕrx,y

)]
∈ Rnxny×r allow to construct a reduced order model

of order r through Galerkin projection.

Tensor SVD

Another method to determine a projection basis for each direction of a tensor is
the so-called tensor SVD (TSVD) [54], which is based on the CP decomposition of a
tensor. The singular values of the tensor are defined in line with those of the matrix
SVD, thus for its first singular value

σ1 = max
x1,...,xN

‖xn‖=1,n=1,...N

|T(x1, . . . , xN )| . (4.87)

Then, with x1
n ∈ Xn, n = 1, . . . , N the normalized vectors that maximize the tensor,

the corresponding rank-1 approximation is given by U1 = σ1u
1
1 ⊗ . . . ⊗ u1

n with
u1
n ∈ X ∗n , n = 1, . . . , N aligned with x1

n and normalized such that ‖u1
n‖ = 1 for all

n. Here, u1
n are the first n-mode singular vectors. Note that (4.87) is well defined in

any induced norm of the elements xn ∈ Xn and thus generalizes the usual SVD for
non-Euclidean norms.

After defining the first tensor singular value (TSV) in (4.87), the subsequent TSV’s
are defined recursively. Indeed, the TSV at level i > 1 is defined in a similar manner
as the first TSV, however it is subject to the requirement that xin ∈ S⊥ with S =
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{u1
n, . . . , u

i−1
n }. Thus, at TSVD level i we solve

σi = max
x1,...,xN

‖xn‖=1,n=1,...N

|T(x1, . . . , xN )| (4.88a)

s.t. 〈ujn, xn〉 = 0, j = 1, . . . , i− 1, n = 1, . . . , N. (4.88b)

This results in completely annihilating rank-1 tensors Ui, which leads to the fol-
lowing definition of the TSVD.

Definition 4.4 (Tensor SVD). A completely annihilating singular value decom-
position (SVD) of a tensor T ∈ TN is a decomposition into rank-1 tensors
Ui = σiu

i
1 ⊗ · · · ⊗ uiN , with un ∈ X ∗n , n = 1, . . . , N such that

T =
K∑
i=1

σiUi =
L1∑
l1=1
· · ·

LN∑
lN =1

tl1,...,lNu
(l1)
1 ⊗ · · · ⊗ u(lN )

N (4.89)

where tn,n,n = T
(
u

(n)
1 , . . . , u

(n)
N

)
= σn are the singular values of the tensor

satisfying σ1 ≥ . . . ≥ σK ≥ 0 with K = L1 · · ·LN . The rank-1 tensors Ui,
composed of singular vectors uin, are completely annihilating by construction
in the sense that 〈uin, ujn〉 = 0 if i 6= j.

Example 4.7. Let A ∈ R2×3 be the matrix A =
(

2 1 −1
6 3 −3

)
. Then A = u1u

>

2 with

u1 =
(

1
3

)
, u2 =

 2
1
−1


and A defines the order-2 and rank-1 tensor T = u1 ⊗ u2 in the sense that

T (x1, x2) = 〈u1, x1〉〈u2, x2〉 = x
>

1 Ax2

with x1 ∈ X1 = R2 and x2 ∈ X2 = R2.

• Let both X1, X2 be equipped with the Euclidean norm ‖ · ‖2. Then, according
to Theorem 4.6 we have ‖T‖ = ‖u1‖2‖u2‖2 =

√
10
√

6 =
√

60, which is the
(maximal) TSVD of T (for this choice of norms).

• Let both X1, X2 be equipped with the infinity norm ‖ · ‖∞. Then, according to
Theorem 4.6 we have ‖T‖ = ‖u1‖1‖u2‖1 = 4 × 4 = 16, which is the (maximal)
TSVD of T (for this choice of norms).
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• Let both X1, X2 be equipped with the 1 norm ‖ · ‖1. Then, according to Theo-
rem 4.6 we have ‖T‖ = ‖u1‖∞‖u2‖∞ = 3×2 = 6, which is the (maximal) TSVD
of T (for this choice of norms).

Each of these cases defines a CP decomposition T = σ1u1 ⊗ u2 with normalized
vectors un = un/‖un‖ and with dominant tensor singular value

√
60, 16, 6, re-

spectively. Recall that the Lp induced norm of a linear operator A : R3 → R2 is
defined as ‖A‖p,p := sup ‖Ax‖p

‖x‖p
. For the example, ‖A‖2,2 = λ1/2(AA>) =

√
60,

‖A‖∞,∞ = maxi
∑
j |Ai,j | = 12 and ‖A‖1,1 = maxj

∑
i |Ai,j | = 8. Thus, the 2-

induced operator norm of A coincides with the 2-norm of the tensor T associated
with A, while neither the∞-induced nor the 1-induced operator norm of A coin-
cide with the ∞ norm and 1 norm of the tensor T associated with A. For order-
2 tensors this observation is general. Indeed, if A = UΣV > is an ordinary SVD
of A then T (ui, vi) = u

>

i UΣV >vi = σi(A) showing that order-2 tensor SV’s on L2
normed spaces coincide with matrix SV’s. Conversely, the TSVD in this example
defines three different singular value decompositions of A, namely:

A =
√

60
[
1/
√

10
3/
√

10

]2/
√

6
1/
√

6
−1
√

6

> , A = 16
[
1/4
3/4

] 2/4
1/4
−1/4

> , A = 6
[
1/3
1

] 1
1/2
−1/2

>

To obtain a low order projection basis for the tensor T ∈ TN that is optimal in the
approximation of the tensor, we formulate the following optimization problem,

T∗r = arg min ‖T− Ũ‖

s.t. Ũ =
R∑
i

σiu
i
1 ⊗ · · · ⊗ uiN ∈ TN

. (4.90)

The problem in (4.90) aims to find the best rank-1 tensor Ũ ∈ TN that minimizes the
tensor norm of the approximation error. The construction of Ũ proceeds iteratively
over i. For i = 1, (4.87) is solved for the original tensor T. By subtracting the approx-
imating tensor U1 from the original tensor, an error tensor Ei is constructed. Then
for i > 1 solve (4.88) for the error tensor to succesively approximate the original ten-
sor. An algorithm to construct the approximated tensor is outlined in Algorithm 4.8.



4.4. Use-case beam model 81

Algorithm 4.8 (Succesive rank-1 approximation).

1. Set i = 1. Set T̂0 = 0. Solve (4.87) for tensor T and infer solution Ui.

2. Set approximation T̂i = T̂i−1 + Ui

3. Define error tensor Ei = T− T̂i

4. Solve (4.88) for error tensor Ei and infer solution Ui+1

5. Set i to i+ 1 and go to step 2

AfterR iterations of this algorithm, the succesive rank-1 algorithm provides a partial
basis (or R basis vectors)

u`1
n , . . . , u

`R
n

for Xn, n = 1, . . . , N . We can then use these bases to apply a Galerkin projection to
obtain a reduced order model.

4.4 Use-case beam model

The estimation problem described in the beginning of this chapter, is about syn-
thesizing an observer for the cross-section of a wafer that is exposed by a moving
heat load. This model is represented by a simplified beam, as in Figure 4.9, and is
modeled in the FEM package COMSOL Multiphysics ®. The beam is meshed very
densely, into 3006 mesh nodes, to obtain sufficient spatial resolution in the exposed
area as shown in Figure 4.9.

Hence, the state space model describing the thermo-elastic behavior of this beam
is given by,

ẋ = Ax+Bu

y = Cx

with A ∈ R3006×3006, x ∈ R3006 and B ∈ R3006×331 such that we can give an input to
each node in the exposure field.

In order to be able to synthesize an observer for this model, we first need to reduce
its order. For this we shall make a quantitative assessment of the performance of
the methods discussed in the previous section: POD; HOSVD; Succesive rank-1 ap-
proximation. Using FEM, the temperature distribution in the beam is computed
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Wafer

Deformation measurements

Area of interestz

y

Heatload Q(y,t)

Figure 4.9: Observer problem.

for the exposure of one entire field. Typically the solution of the FEM is defined
on an unstructured spatial grid or mesh, e.g. the right figure in Figure 4.10. For the
POD method this is no problem, as the spatial structure in the FEM solution is com-
bined into 160 time snapshots (vectors), such that the snapshot matrix is given by
X ∈ R3006×160.

In order to represent the FEM solution in tensor format, we require the spatial coor-
dinates x, y of the solution to be Cartesian coordinates. such as for example shown
in the left figure of Figure 4.10. A straightforward method to achieve this is to inter-
polate the solution onto a Cartesian grid although this may introduce some error.
The tensor representation of the FEM solution is given by X ∈ Rnx×ny×nt where

Figure 4.10: Spatial meshing; Left: General rectilinear grid; Right: Unstructured tri-
angular grid.

nx = 501, ny = 6, nt = 160. Using the POD, HOSVD and succesive rank-1 approx-
imations we construct a reduced order model of order r = 100, where each node is
equally weighed i.e. W = I. Table 4.1, summarizes the quality of the three approx-
imation methods in terms of a root mean squared error and a worst-case error in
the exposure slit.
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Method Rank RMS error Peak error

POD r = 100 6.69e-3 [K] 12.2e-3 [K]
HOSVD r = 100 22.9e-3 [K] 40.4e-3 [K]
succ. rank-1 r = 100 21.0e-3 [K] 37.5e-3 [K]

Table 4.1: Temperature approximation error in the slit for order r = 100 POD,
HOSVD and succesive rank-1 approximations.

From this table, it is evident that the standard POD method with a snapshot matrix
outperforms the tensor methods that provide basis functions for each spatial direc-
tion individually. The largest approximation error of the reduced order models is
attained on the surface of the beam, as shown in Figure 4.11. In this figure the top
row shows the temperature field in the exposure slit over the height of the beam ob-
tained from the FEM solution, and the reduced order model with the POD method
with r = 100 and the difference between them. The second and third row show the
approximation results for the deformation directions.

Figure 4.11: Temperature and deformation approximation at a certain time t around
the exposure area.
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In an attempt to reduce the error on the surface of the beam, a weighted SVD can
be taken where more emphasis is placed on the surface temperature of the wafer
rather than at the bottom, e.g. Figure 4.12. Repeating the POD model reduction
technique with these weights in place only slightly improves the temperature (Fig-
ure 4.13) and deformation approximation (Figure 4.14) in the exposure slit on the
surface of the beam. However, it should be noted that deformations are the result of
the entire temperature distribution. Hence, in general a simulation that accurately
describes the temperature on a specific part of the model does not necessarily ac-
curately represent deformations in that area of the model.

Figure 4.12: Used weight to steer accuracy to the top side of the beam.

Figure 4.13: Temperature approximation error on the top side of the beam, in the
exposed area (y ∈ XAOI(t)), in terms of rms (left) and peak error (right) for weighted
and unweighted versions of the POD approximation of order R = 100.

Using the reduced order model of order 100, obtained through the POD technique,
we now synthesize an observer to estimate deformations on the surface of the beam
given measurements at the burl locations, as indicated in Figure 4.9. We synthe-
size optimal H2, generalized H2 and L1 observers using the LMI’s discussed in Sec-
tion 4.2 through Yalmip [55] such that the estimation error e is minimal in the re-
spective norm. For the mentioned performance criteria, and a situation where the
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Figure 4.14: Deformation approximation error on the top side of the beam, in the
exposed area (y ∈ XAOI(t)), in y (left) and z direction (right), in terms of peak error
for weighted and unweighted versions of the POD approximation of order R = 100.

input power may vary≤ 10% and measurement noise has a magnitude≤ 1 [nm] i.e.
w = [w1 w2]> with |w1| ≤ 0.1Q(y, t) and |w2| ≤ 1. The guaranteed upper-bounds on
the estimation error are summarized in Table 4.2.

Optimized performance criterion upper-bound on estimation error ‖e‖∞
H2 12.88 [nm]
Generalized H2 12.88 [nm]
L1 5.52 [nm]

Table 4.2: Guaranteed performance different observers

Figure 4.15, illustrates the estimation error for the three observers during a simu-
lation for the mentioned problem setting (10% input disturbance and 1 [nm] mea-
surement noise). From this figure, it is observed that the performance of the L1
optimal observer is slightly worse than the other two methods (especially in the y-
direction) while it guarantees a better upper-bound on the estimation error. How-
ever, note that the upper-bounds in Table 4.2 are guaranteed for the worst possible
disturbance sequence. Furthermore the H2 and generalized H2 observers guaran-
tee this performance for a comparable L2 bounded input disturbance rather than
for the maximum amplitude disturbance.

As mentioned in Section 4.2, we can design a switched observer with the aim to
minimize the estimation error in smaller sections of the exposure field. Figure 4.16
shows the time domain results of the estimation error for a switched and constant
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Figure 4.15: Resulting estimation error of the H2, generalized H2 (indicated by Hg2)
and L1 observers in a time simulation.

gain generalized H2 observer. In this case, the exposure field is divided into four
equal domains, resulting in four different observer gains. However, it can be ob-
served that the performance of the switched observer is slightly worse than the con-
stant observer at the start of the simulation. This is also reflected in the guaranteed
upper bound on the estimation error that the first observer achieves, (γ1 = 18.69)
which is higher than that of the constant gain (γ = 12.88). The other observers
achieve approximately equal γ values of γ2 ≈ γ3 ≈ γ4 = 9.17.

Figure 4.16: Resulting estimation error of a switched (with 4 different gains) and
constant gain generalized H2 observer.
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Finally, we evaluate the total system performance in the presence of the mentioned
disturbances by interconnecting the localized FF controller (with sequential opti-
mization algorithm) and the optimal observer according to Figure 4.17. Using the
WS and POB corrections dcorr together with the initial deformations d0 and esti-
mates of the expected thermal surface deformations d̂th, i.e. ẑ, the localized FF
controller computes the optimal actuator forces Fact according to the sequential
optimization algorithm described in Chapter 3. The performance outputs ζ are the
maximal amplitude of the deformations in y- and z-direction in the exposure area
XAOI(t).

Figure 4.17: Feedback interconnection of observer, AWC optimization and AWC.

Then, first of all we evaluate the model behavior under influence of the disturbances
with respect to the noise free FEM simulation. The amplitude of the worst case NCE
(dloc

NCE in (3.31)) is plotted in Figure 4.18 for three simulations, noise-free FEM sim-
ulations, ‘real’ simulations with input disturbance w and the estimated NCE based
on the real system with noisy measurements. The real in-plane deformation soon
starts drifting with respect to the ideal FEM simulation due to the difference in ac-
tual exposure input. Furthermore, we observe that the estimated NCE very closely
agrees with the real out-of-plane deformations. Also we see that the estimated NCE
of the in-plane deformations nicely converges towards the real NCE.

As differences between the NCE computed from FEM and the real noisy simula-
tion are relatively small, Figure 4.19 compares open-loop performance (based on
NCE computed from FEM) to the full closed loop simulation with the observer in
place. Open-loop application of the correctables computed from FEM yields pretty
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Figure 4.18: Comparison of the NCE for FEM simulation, real simulation (i.e. with
noise), and the estimated NCE based on the real system with noisy output measure-
ments.

good results in the z-direction. This is also the direction in which the real NCE and
FEM NCE differ the least. However in the in-plane direction the two NCEs differ
more, and in that case there are clear benefits to using the closed-loop control with
the observer estimates, as typically better performance can be obtained through it.
Note, that the actual performance gain will, among others, depend on the estima-
tion quality of the observer. If its estimate deviates more from the real NCE than the
FEM NCE, reduced performance can be expected.

Figure 4.19: Open-loop vs Closed-loop result.



Chapter 5
Active wafer clamp

performance and design

Abstract - So far in this thesis simulations of the localized feedforward controller and
feedback controller have involved a simplified beam model as shown in Figure 2.5. In
this chapter we will present feedforward and feedback simulation results of the wafer
edge model presented in Chapter 2. Furthermore, based on the achievable perfor-
mance we present a number of design recommendations regarding the AWC concept.
Thus, we aim to answer the following question:

How can the AWC concept be designed such that performance and
architecture complexity are balanced?

5.1 Introduction

The obtained localized feedforward and FB controller results presented in previous
chapters are based on a simplified beam model as shown in Figure 2.5. However,
this model is missing a spatial dimension with respect to reality and improvements
for the AWC are therefore hard to extrapolate to the 3D case. In Chapter 2 we have

89
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introduced a realistic 3D AWC model inspired by a true wafer clamp, for which the
geometry outline is presented in the right plot in Figure 2.7. In this chapter, we
evaluate the performance improvements due to the AWC in terms of in- and out-
of-plane deformations for this more realistic model.

Furthermore, the AWC concepts introduced in Chapter 1 are formulated without
much information on what the minimal technical requirements are to achieve a
certain OVL and focus performance. In this chapter we will provide recommenda-
tions on design parameters such as actuator location in z-direction, optimization
algorithm, required actuation DOF and actuator topology, that can be assessed on
the basis of the model, the controller architecture and the maximal achievable per-
formance of OVL and focus error in a given configuration. Furthermore, the effect
of an AWC in the absence of POB corrections is evaluated. At the end of this chapter
an overview of all recommendations is given. Please note that the results of per-
formance in all figures in this section are normalized with respect to the worst case
performance in z-direction after the WS and POB corrections (before AWC correc-
tion) that are computed from (2.75).

5.2 AWC performance for wafer clamp model

5.2.1 Localized FF controller

The distributed FF controllers introduced in Chapter 3 are implemented in MATLAB
to assess performance improvement for the three dimensional wafer clamp model.
For this, we consider the embedded actuation model, in which actuators are placed
below the wafer clamping electrode. In the simulated model for which the setting is
given in Figure 5.1, the wafer is clamped to the wafer through a uniform clamping
force F (ξ) indicated by the light grey shaded area. The heat load is deposited onto
the clamped wafer through the curved exposure slit (dark grey) that moves with a
constant velocity from the outside (bottom of the figure) inwards (top of the figure).

For correction of dNCE(ξ, t), we implement the sequential optimization algorithm
discussed in Section 3.3.1. Hence, first WS and POB corrections are computed
through solving (2.75), after which the optimization problem for the localized FF
controller (3.31) is solved point-wise in time.

By localization, the sequential optimization problem (3.31), is reduced in dimen-
sion from a possible 3r decision variables, to 3ra variables. Here the actual dimen-
sion of ra, depends on the criterion to select the active actuators, however this may
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be chosen freely. In the discussed application and geometry of Figure 5.1, we ob-
served that r can be reduced by more than 80%, while achieving similar perfor-
mance as when ra = r. Furthermore, the number of rows in the matrix represen-
tation of influence functions s(t) and the length of the thermal deformation vector
dth(t), are reduced significantly from 3n to 3m. Since the slit covers less than 1%
of the wafer surface, m is about 1% of n, i.e. m ≈ n

100 , which helps to reduce the
computational effort to solve (3.31).

Figure 5.1: Simulation setting for the 3D wafer clamp model. The solid lines indicate
the slice boundary, the gray area inside the slice indicates the area on which the
clamping force acts, the circles indicate the burl pattern, the dashed line marks one
exposure field and the shaded area illustrates the exposure slit that moves from the
outside of the wafer inwards, i.e. bottom to top in this figure.

In Figure 5.2 and 5.4, simulation results of the actual wafer deformations before and
after AWC corrections are presented. In the top two rows of subplots the normal-
ized deformations in the exposure slit (w.r.t. worst case before AWC in z-direction)
are presented, before and after WS and POB corrections at two scan positions (one
on the wafer edge and one in the middle of the field). The exposure slit is indicated
by the white outline. Each column represents a different deformation direction and
the bottom figure shows an overview of the exposure. In the scan overview plot,
the location of the exposure slit is shown and the effect of indicator functionW (ξ, t)
is illustrated. The small dots indicate all the actuators, while the blue dots indi-
cate the active actuators, i.e. those for which W (ξ, t) = 1. From these plots, it is
clear that only a small subset of the entire actuator grid significantly contributes to
deformations in the exposure slit. In this particular example at most 15% of the to-
tal number of actuators in the model are active at any moment in time, improving
computational aspects of the algorithm significantly. In Figure 5.2 the exposure slit
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(red shaded area) is located close to the edge. At this position, deformations be-
fore AWC actuation are significantly larger than at scan position y = −129.4 [mm]
(Figure 5.3). Due to the limited number of actuators around the slit at this posi-
tion only small improvements using the AWC are obtained. However, in Figure 5.3,
with the active actuators distributed around the slit, significant improvement of the
error in all three directions can be obtained. Note in both figures the effect of the
indicator function V (ξ, t) limiting performance to the exposure slit only. In order to
achieve small deformations in the slit, the area outside of the slit experiences large
deformations.

Figure 5.2: Top two rows: Normalized deformation before and after AWC at scan
position y = −146 [mm], each column is another deformation direction; Bottom:
Scan overview with in blue the active actuators and in red the area of interest.
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Figure 5.3: Top two rows: Normalized deformation before and after AWC at scan
position y = −129.4 [mm], each column is another deformation direction; Bottom:
Scan overview with in blue the active actuators and in red the area of interest.

The achieved result over all scan positions in one field is presented in Figure 5.4. In
this figure, the three subplots show the performance in one of the spatial directions
x, y, z. The horizontal axes represents the y-location of the center of the exposure
slit, while the vertical-axes indicates the `∞ norm of the deformations inside the slit
at that particular location before (solid line) and after (dashed line) AWC actuation.
Note that the results are normalized with respect to the worst-case performance in
z-direction before AWC corrections. From this figure it is observed that the AWC
concept can lead to a factor 5-10 reduction in wafer heating effects due to expo-
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sure. In all three directions a reduced performance can be observed when the scan
position is between -0.15 and -0.145 [m], i.e. on the wafer edge. This is due to the
fact that actuators do not extend until the edge of the wafer, see for example the
scan overview in Figure 5.2. Hence, when the slit starts at the edge, most of the
correction has to be done by the limited number of burls in front of the slit and on
the side. Actuation possibilities are less at these locations than at mid-points of the
wafer. This reduces the ability to correct deformations at these locations.

Figure 5.4: Comparison of the `∞ norm of deformations before and after AWC con-
trol, in x- y- and z-direction. (scaled on amplitude of z-direction before control)
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5.2.2 Closed-loop performance

Next we will evaluate the closed-loop performance of the AWC using an optimal
generalized H2 observer for estimation of the wafer surface deformations. In or-
der to synthesize this observer, we require a state-space description of the wafer
edge model. Due to the extremely dense mesh that is required to achieve sufficient
resolution in the exposure slit, we export the state-space description of the burl ac-
tuation concept from the FEM model that was derived in Chapter 2 which has less
states than the model of the embedded actuation concept but still n > 150, 000.

Construction of quasi-static state-space model

The exported state equation is of the following structure,[
ET 0
0 Ed

] [
Ṫ

ḋ

]
=

[
A11 0
A21 A22

] [
T
d

]
+
[
B1
0

]
u (5.1)

and describes the quasi-stationary thermo-mechanical behavior (2.12) of the
clamped wafer. Here T (t) ∈ Rn is the vector of temperatures at all nodes in the
meshed configuration, and d = col (dx, dy, dz) ∈ R3n is the vector of deformations
in all three spatial directions x, y, z. Input u(t) represents the heat load due to the
exposure through the curved slit and acts only on a limited number of the ther-
mal states through at any given moment in time. Furthermore, A11 ∈ Rn×n and
A22 ∈ R3n×3n. As we consider quasi-stationary thermo-mechanical deformations
(as discussed in Section 2.1.3) the dynamics is only present in the thermal states
and hence Ed = 0. This means that the system can be rewritten as the input-state-
output model

ET Ṫ = A11T +B1u (5.2a)[
T
d

]
=

[
CT
Cd

]
T (5.2b)

such that the output consists of the temperatures and deformations of the model.
From this it is easy to see that CT = In. The matrix Cd =

[
Cd,x Cd,y Cd,z

]> can
be constructed as follows. Since the second line in (5.1) reads

A21T +A22d = 0, (5.3)

the deformations are given by

d = −A−1
22 A21T (5.4)
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so that Cd = −A−1
22 A21 provided that A22 is invertible. However, due to the 3-D na-

ture of the underlying FEM model, the state dimension n is substantial, with typical
values n > 150, 000. This causes numerical difficulties in computing Cd from (5.4)
and in particular with assessing the inverse of the 3n×3nmatrixA22. For example, at
these dimensions, standard Matlab routines inv() and mldivide run into memory
issues. The inverse of A22, can be determined by solving the system of equations

A22X = I (5.5)

for X, where I is the identity matrix. Using the full dimension of I, the routine
mldivide runs out of memory while solving (5.5). This can be overcome by solving
for X iteratively over nc columns. Hence, partition I and X into submatrices Inc,i,
Xnc,i, i = 1, . . . , 3n/nc i.e.

I =
[
Inc,1 Inc,2 . . . Inc,3n/nc

]
(5.6)

X =
[
Xnc,1 Xnc,2 . . . Xnc,3n/nc

]
. (5.7)

Then solve

A22Xnci = Inci, (5.8)

iteratively over i to construct the inverse of A22. This way, memory requirements
are reduced and after 3n/nc iterations the full inverse X can be constructed as X =[
Xnc1 Xnc2 . . . Xnc3n/nc

]
. However, at these dimensions computation time is

still more than 20 days and therefore undesirable.

We therefore avoid inverting A22 all together. By using the temperature and defor-
mation solutions of the FEM the mapping from T (ξ, t) to d(ξ, t) can be constructed.
For this, define the following relation

TFEMCd,i
> = dFEM,i for i ∈ {x, y, z} (5.9)

where Cd,i ∈ Rn×n and with

TFEM =

T (ξ1, t1) . . . T (ξn, t1)
...

. . .
...

T (ξ1, tm) . . . T (ξn, tm)

 (5.10)

dFEM,i =

di(ξ1, t1) . . . di(ξn, t1)
...

. . .
...

di(ξ1, tm) . . . di(ξn, tm)

 . (5.11)

Then, using the iterative mldivide method, we solve (5.9) for a number of the rows
of Cd,i iteratively for a number of spatial coordinates (i.e. the columns of dFEM,i).
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The dimensions of TFEM are much smaller than those of A22, making this a feasible
solution. However, note that the Cd matrix that is found through this method de-
pends on the result of the FEM simulation. For example, the relation between tem-
perature and deformation at a spatial coordinate ξi that does not experience any
deformations cannot be accurately represented. Namely, in that case we are solving
for TFEMx = 0 which is satisfied by the trivial solution x = 0 where x corresponds to
one row in Cd,i.

Model reduction

The obtained state-space model (5.2) consists of more than 150,000 states. Hence,
for us to be able to compute a generalized H2 observer we apply the POD model
reduction strategy as was described in Chapter 4. Using the same simulation results
of the temperature distribution as used in the construction of Cd (TFEM in (5.10)),
we compute a POD basis from the SVD, i.e.

TFEM
> = UΣV > (5.12)

with U =
[
ϕ1 . . . ϕn

]
. The rth order POD basis then consists of the span of

ϕ1, . . . , ϕr. (5.13)

where ‖ϕi‖ = 1 and the jth entry ϕi,j = 〈ϕi, ej〉 of ϕi corresponds to the location
of the jth node in the 3D mesh of the configuration space. The full SVD in (5.12) is
actually not computed, since only a limited number of r POD basis vectors (5.13)
are necessary. With σi, i = 1, . . . , n denoting the singular values of TFEM , Figure 5.5
shows the numbers

p(r) := 100 ·
∑r
i=1(σ2

i )∑m
i=1(σ2

i )

that indicate the relative energetic contribution in the r POD basis vectors (5.13) in
the measured data TFEM for r = 1, . . . , 160. On the basis of Figure 5.5, we choose
r = 100, yielding an efficiency p(r) = 99.999%.

The original state space model (5.2) of order n > 150, 000, is now projected onto the
POD basis (detailed in Section 4.3.2) of order r = 100 to obtain the reduced order
model described by

ẋr = Arxr +Bru (5.14a)Ty
z

 =

CT,rCy
Cz

xr (5.14b)
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Figure 5.5: Relative cumulative contribution of the rth singular value to the total
sum of squares of all m singular values, i.e. 100 ·

∑r
i=1(σ2

i )/
∑m
i=1(σ2

i ).

with Ar = (Φ>EΦ)−1Φ>AΦ, Br = (Φ>EΦ)−1B, CT,r = CTΦ, Cy = ψyCdΦ,
Cz = ψzCdΦ where Φ =

[
φ1 φ2 . . . φr

]
. The matrices ψy and ψz are selector

matrices that select the measurement and performance coordinates respectively.
In this case, the measurement locations are chosen equal to the coordinates of the
burls and the performance outputs are the deformations in the exposure field, in
all three spatial directions x, y, z. Furthermore, y ∈ R3ny z ∈ R3nz and u ∈ Rnu . In
Figure 5.6, we evaluate the accuracy of the reduced order model (middle column)
on the surface of the wafer with respect to the full order FEM solution (left column)
by looking at the difference between the two solutions (right column), in both the
thermal- (first row) and mechanical-domain (bottom three rows) when the slit is in
the middle of the field. We find that the reduced order model results in a slightly
higher maximum temperature in the exposure slit than the full order model. This
can be explained by reduced accuracy in the representation of the input heat-load
in terms of the chosen basis. Nevertheless, deformations in all three directions are
represented fairly accurate, with relative errors in the exposure slit less than 20%.
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Figure 5.6: Comparison of full dimensional FEM solutions (n > 150, 000) and the so-
lutions obtained with a reduced order model (r = 100), at scan position y = −135.8
[mm]. Left column: FEM solutions; Middle column: Solutions of the reduced or-
der model; Right column: Difference between the two solutions. First row: Tem-
perature; Second row: Deformations in x-direction; Third row: Deformations in
y-direction; Fourth row: Deformations in z-direction; Note: Deformations in the
left two columns are normalized with respect to the maximum amplitude of dred,z.

GeneralizedH2 observer synthesis

Now assume that the system described by (5.14) is subject to input disturbances
w ∈ Rnu and measurement noise v ∈ Rny that are represented by independent
Gaussian noise processes with zero mean and covariances Q and R respectively,

ẋr = Arxr +Bru+Bww (5.15a)Ty
z

 =

CT,rCy
Cz

xr +

 0
Dv

0

 v (5.15b)
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Using the reduced order model (5.15), we synthesize a generalized H2 optimal ob-
server gain L by applying the synthesis routine described in Section 4.2.2 and em-
bedding the noise covariances Q and R of w and v. Specifically we consider the
optimization problem

min γ

s.t.
[
Ar
>P + PAr + Cy

>Y > + Y Cy PBwQ
1/2 + Y DvR

1/2

(Q1/2)>Bw>P + (R1/2)>Dv
>Y > −γI

]
≺ 0,[

P Cz
>

Cz γI

]
� 0, P � 0.

(5.16)

where Y = PL and set L = −P−1Y in the observer

[ ˙̂xr(t)
ẑ(t)

]
=
[
Ar + LCy Br −L

Cz 0 0

]x̂r(t)u(t)
y(t)

 . (5.17)

Due to the dense mesh however,Cy, Dv andCz have incredibly large output dimen-
sions, e.g. dim(y) = 3nburls with nburls > 1000 the number of burls in the geometry
and dim(z) = 3nfield with nfield > 3000 the number of coordinates in the exposure
field. This means that the decision variable Y in (5.16) has dimension 100×3ny and
the second inequality has an identity matrix of dimension 3nz. However, note that
Cy and Cd are tall, with r = 100 columns and ny, nz >> r rows, which means both
matrices have an image of dimension at most r. We therefore replace Cy, DvR

1/2

and Cz in (5.16) by

Cyr = Uy
>Cy (5.18)

Dvr = Uy
>DvR

1/2Uy (5.19)

Czr = ΣzVz> (5.20)

where

Cy =
[
Uy U⊥y

] [Σy
0

]
V >y (5.21)

is an SVD of Cy in which im Uy = im Cy. Similarly,

Cz =
[
Uz U⊥z

] [Σz
0

]
V >z (5.22)

is an SVD of Cz in which im Uz = im Cz.
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The equivalent synthesis problem of reduced dimensions is then given by

min γr

s.t.
[
Ar
>Pr + PrAr + Cyr

>Yr
> + YrCyr PrBwQ

1/2 + YrDvr

(Q1/2)>Bw>Pr +Dvr
>Yr

> −γrI

]
≺ 0,[

Pr Czr
>

Czr γrI

]
� 0, Pr � 0.

(5.23)

where Yr = PrLr and set Lr = −P−1
r YrUy

> in the observer

Theorem 5.1. The optimization problems (5.16) and (5.23) are equivalent in
the following sense.

1. If the LMIs (5.16) are feasible in the decision variables (γ, P, Y ) then (5.23)
is feasible in the decision variables (γr, Pr, Yr) with γr = γ and Pr = P .

2. Conversely, if the LMIs (5.23) are feasible in the decision variables
(γr, Pr, Yr) then (5.16) is feasible in (γ, P, Y )with γ = γr and P = Pr.

Proof. For Cz, observe the second LMI in (5.16)[
P Cz

>

Cz γI

]
� 0 (5.24)

which after applying the Schur complement reads as

P − 1
γ
Cz
>Cz � 0. (5.25)

Taking the SVD of Cz as in (5.22) (omitting the kernel)

Cz
>Cz = VzΣzUz>UzΣzVz> = VzΣ2

zVz
> = Czr

>Czr, (5.26)

which by (5.25) gives P = Pr and γ = γr.

Then, the first LMI in (5.16) and (5.23) gives

Y Cy = YrCyr = YrUy
>Cy (5.27)

Y = YrU
>
y (5.28)

Such that by setting L = −P−1Y = −P−1
r YrUy

> the same observers are found. �
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As shown in Chapter 4, the Kalman filter coincides with the generalizedH2 observer.
Thus, rather than solving the optimization (5.23), the observer gain L can, as a third
option, equivalently be computed through solving the solution K of the ARE

KA> +AK −KCy>R−1CyK +BQB> = 0, (5.29)

for whichA+LC is Hurwitz, withL = −KCy>R−1 the Kalman filter gain. As shown
in Chapter 4 the generalized H2 performance is given by γ =

√
(λmax(Cz>CzK)

where λmax indicates the maximum real part of the eigenvalues.

The performance of the three synthesis strategies (Full scale LMI, Reduced dimen-
sion LMI and Kalman filter) are summarized in Table 5.1. First of all, as the three
strategies solve an equivalent problem in the sense of achievable generalized H2
performance, very similar upper-bounds on the estimation error are found. How-
ever, computation times vary significantly. Where the full scale LMI problem takes
around 25 hrs to compute, the reduced dimension LMI is solved in 12 minutes and
the Kalman filter is computed in 1 second. As explained and proven in Theorem 5.1,
the full scale LMI problem has a lot of redundancy build into it, slowing down the
computation significantly.

Method Computation time γ

Full scale LMI ±25 hrs 32.8 [nm]
Reduced LMI ±12 min 32.8 [nm]
Kalman ±1 sec 32.6 [nm]

Table 5.1: Performance of different strategies for synthesis of a generalized H2 opti-
mal observer

Feedback simulation

For simulation of the AWC concepts in feedback, we make use of the sequential op-
timization algorithm discussed in Section 3.3.1. A feedback diagram of the closed
loop system is given in Figure 4.17. In the sequential optimization algorithm, first
WS and POB corrections are computed on the basis of a solution of the FEM model.
In the FF case, thermal deformations dth(ξ, t) are provided by the FEM model. How-
ever, here the observer output provides dth(ξ, t), such that dNCE(ξ, t) in (3.13) can be
constructed. Using dNCE(ξ, t), the optimization algorithm computes optimal AWC
forces to correct the NCE in the exposure slit.

As before in Chapter 4, the system is subject to a maximum input disturbance of
10% and 1 [nm] measurement noise, i.e. |w| ≤ 0.1u and |v| ≤ 1 in (5.15). Figure 5.7



5.2. AWC performance for wafer clamp model 103

provides simulation results for various cases which are summarized in Table 5.2. In
this table, if the plant is equal to “ideal model” this implies that the FF algorithm
uses the exact model of the plant to compute the AWC forces, i.e. the ideal case.
The “Disturbed model” on the other hand is subject to the above mentioned dis-
turbances. Finally, the line corresponding to “Before AWC estimate” corresponds to
the estimated deformations before AWC actuation rather than actual deformations.

Line name Corrections Plant Observer

Before AWC perfect FF WS+POB Ideal model No
After AWC perfect FF WS+POB+AWC Ideal model No
Before AWC open-loop FF WS+POB Disturbed model No
After AWC open-loop FF WS+POB+AWC Disturbed model No
Before AWC estimate WS+POB Disturbed model Yes
After AWC FB WS+POB+AWC Disturbed model Yes

Table 5.2: Simulation details of results presented in Figure 5.7

Applying open-loop FF control to the disturbed system degrades performance of
the AWC in the x- and y-direction significantly with respect to the perfect FF, to a
point where improvements due to the AWC correction are very small. Neverthe-
less, in z-direction performance after AWC actuation is hardly affected by the dis-
turbance. This is due to the fact that the performance before AWC correction is
also almost identical with and without disturbance and thus less sensitive to input
disturbances than the other two directions. Then, for the feedback performance
it appears that the generalized H2 observer produces a fairly accurate prediction
of the error before AWC corrections in all three directions but especially so in the
x-direction. Due to the accurate prediction of the deformations before AWC correc-
tion, the closed loop performance of the AWC are an improvement with respect to
open-loop FF corrections.

In Figures 5.8 and 5.9, snapshots of the deformations at scan position y = −129.4
[mm] and y = −146 [mm] are given for the cases described in Figure 5.7. Here,
the rows correspond to the result before and after AWC corrections for each di-
rection. The columns correspond to the results of a perfect model (i.e. no distur-
bances); open-loop application of the perfect model corrections in FF on the dis-
turbed model and the results obtained with the generalized H2 observer. Note that
the “before AWC” result in the column of the generalized H2 observer corresponds
to the predicted deformations. From Figure 5.8, we observe in that there is an ac-
tual difference between the perfect model and the disturbed model, before AWC



104 Chapter 5. Active wafer clamp performance and design

Figure 5.7: Comparison of the simulation results for the cases in Table 5.2. The
feedback result (blue line) provides better improvements than open-loop applying
the FF controller (red line).

correction. This is particularly visible in the y-direction, in which the deformations
in the disturbed model are smaller than the perfect model describes. However, we
see that the observer predicts this lower amplitude pretty well, resulting in decent
improvement of the “after AWC” result using the observer with respect to open-loop
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FF control. At the beginning of the scan, as in Figure 5.9, the difference between the
disturbed model and the perfect model is almost neglegible. In this case, the ob-
server actually reduces performance slightly as can be seen in the “after AWC dx”
result.
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Figure 5.8: Left column: Before and after AWC actuation result based on a perfect
model at scan position y = −129.4 [mm]. Center column: Resulting before and after
AWC performance open-loop FF. Right column: Estimated deformation Before AWC
and resulting performance after correction based on this estimate.
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Figure 5.9: Left column: Before and after AWC actuation result based on a perfect
model at scan position y = −146 [mm]. Center column: Resulting before and after
AWC performance open-loop FF. Right column: Estimated deformation Before AWC
and resulting performance after correction based on this estimate.
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5.3 Performance-based design recommendations

As explained in the introduction of this chapter, the initial AWC design and require-
ments are defined without knowledge of what is truly required to achieve a certain
performance. In the following subsections, we aim to improve the AWC concept
by providing design recommendations that balance architectural complexity and
achievable performance. Please note that the performance in all figures in this sec-
tion are normalized with respect to the worst case performance in z-direction after
the WS and POB corrections that are computed from (2.75). Furthermore, in this
section we may use “Concept 1” to refer to the burl actuation concept and “Concept
2” to indicate the embedded actuation concept for sake of brevity, see Figure 1.6.

5.3.1 Sequential vs Integrated optimization

First of all, to assess performance for certain design parameters, we first decide on
the optimization strategy to use. In Section 3.3, two optimization strategies were
introduced. The first strategy, sequential optimization, optimizes the WS and POB
corrections first before the AWC forces are optimized. The second strategy, in-
tegrated optimization, combines both WS and POB corrections together with the
AWC forces into one large optimization to achieve the best possible results. The re-
sults of both these controllers, applied to the embedded actuation concept model
(Concept 2), are shown in Figure 5.10 and the simulation cases are described in Ta-
ble 5.3. In this figure, the three subplots correspond to each deformation direction

Line name Corrections Algorithm

Before AWC - S WS+POB Sequential
After AWC Concept 2 - S WS+POB+AWC Sequential
Before AWC - I WS+POB Integrated
After AWC Concept 2 - I WS+POB+AWC Integrated

Table 5.3: Simulation details of results presented in Figure 5.10

x, y and z in which all lines correspond to the `∞ norm in the exposure slit. First of
all, as explained in the previous section, performance is reduced in all three direc-
tions when the scan position is between -0.15 and -0.145 [m], due to the fact that
actuators do not extend until the edge of the wafer. While the error after WS and
POB corrections that are computed from the integrated optimization is much larger
than after standard WS and POB corrections, we obtain a very similar performance
after AWC correction for both strategies. Through the integrated optimization the
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Figure 5.10: Comparison of the resulting performance of the sequential- and
integrated-optimization algorithm (indicated by the S and I respectively), applied
to the embedded actuation concept (Concept 2) model.

worst case peak over the entire scan is slightly reduced in the y-direction. Hence,
although the `∞ norm before AWC actuation is larger, the resulting deformations
are slightly better correctable using the AWC which results in a slight improvement.
However, this slight improvement comes at a significantly increased computational
effort. As explained in 3.3.2, the dimensions of the LP (3.40) grows significantly with
the number of time-steps taken. In fact, taking an equal number of time steps for
both optimization algorithms the computation of (3.40) runs out of memory on a PC
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equipped with 32 Gb RAM memory. To overcome this limitation, the sample time
is increased by a factor two, such that the LP reduces in size. Nevertheless, still the
computation takes approximately 5 times longer than the total required computa-
tion time for the sequential algorithm due to the size of the LP. Hence, the sequential
optimization is the preferred strategy for computation of the AWC forces.

5.3.2 Burl actuation vs Embedded actuation

The first major design parameter is the location of the actuators in terms of their z-
coordinate in the clamp. In Figure 1.6, two AWC concepts were introduced dubbed
burl actuation (Concept 1) and embedded actuation (Concept 2). In the burl ac-
tuation concept, burls are replaced by actuators and direct actuation of the wafer
is possible. In the embedded actuation concept, actuators are placed outside of
the electrostatic clamping field (lower in the clamp), removing possible interaction
between steering voltages of the actuators and the clamping field and allowing for
a larger actuator volume. However, as actuators are placed further away from the
wafer, this may also lead to a reduced performance. To decide between the two con-
cepts, we implement the sequential optimization algorithm (Section 3.3.1) for the
localized FF controller for both concepts. The resulting performance is plotted in
Figure 5.11 with the parameters as in Table 5.4.

Line name Corrections Algorithm

Before AWC WS+POB Sequential
Concept 2 WS+POB+AWC Sequential
Concept 1 WS+POB+AWC Sequential

Table 5.4: Simulation details of results presented in Figure 5.11

Overall, the performance of the embedded actuation AWC concept is slightly lower
than that of burl actuation concept due to the additional layers between the actu-
ators and the wafer. The stiffness of the layers between the actuators and wafers,
makes that influence functions are slightly less localized in the embedded actuta-
tion concept which reduces spatial actuation resolution. On the other-hand, the
fact that the performance drop is almost negligible, may indicate that choosing the
actuation grid equal to the burl grid may be more dense than required for correc-
tion of the thermal induced deformations. Variations of the actuation grid will be
discussed in Section 5.3.4. Since placing actuators below the electrode allows for
more flexibility in actuator selection and manufacturing of the concept, embedded
actuation is recommended over burl actuation.
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Figure 5.11: Comparison of the resulting performance of the sequential optimiza-
tion algorithm on the burl actuation concept (Concept 1) and the embedded actu-
ation concept (Concept 2) models.

5.3.3 Actuator DOF

Designing an AWC with tens of thousands 3-DOF actuators, leads to an immense
amount of control signals. In order to reduce this number, we investigate whether
3-DOF actuation is required to achieve satisfactory performance. As the in-plane
actuation force is limited to the relatively small friction force between wafer and
burls, a study is performed where only actuation in z-direction is allowed.



112 Chapter 5. Active wafer clamp performance and design

Remarkably, as shown in Figure 5.12, the performance drop using only z-actuation
is not very large. For the y- and z-direction, similar performance is obtained as
when in-plane actuators are used. For the x-direction, the performance slightly
deteriorates, however this still results in an improvement of around a factor two.
The good performance in y- and z-direction using only z-actuation, can be par-
tially explained by the fact that the dimension of the exposure slit in the y-direction
is smaller than the burl spacing. Hence, even if y-actuation is available, only first
order profiles, (stretching) can be created in the slit in y-direction. A similar effect
can be obtained by actuating in z-direction. However, in the x-direction a small
drop in performance can be observed. This is partially due to the dimension of the
exposure slit in this direction. The larger slit width allows for multiple burls to be lo-
cated under the slit, creating the possibility to actuate higher order spatial profiles.
Thus, removing this degree of freedom from the AWC concept reduces performance
slightly.

5.3.4 Actuator topology

In the embedded actuation AWC concept introduced in Figure 1.6, each burl is
uniquely related to an actuator in such a way that the actuator coordinates coin-
cide with the burl coordinates i.e. Xa = Xburl. In Section 5.3.3, the total number of
AWC actuators is lowered by reducing the actuation DOF. Further reduction of the
required number of AWC actuators can be achieved by grouping of for example K

burls to one actuator, i.e. Xa,i = Conv
(
K⋃
i=1

Xburl,i

)
where Xburl,i indicates the lo-

cation of the ith burl and Conv(·) denotes the convex hull of a set. Hence, K burls
are uniquely excited by a larger actuator. In the presented model, the burl topology
is built by hexagonal tessellation. Hence, it will be possible to group burls exactly in
hexagonal groups, for example 7 burls are actuated by one single actuator (left plot
in Figure 5.13).

Alternatively we may also actuate burls non-uniquely, such that the area of a single
burl i may intersect with the area of two actuators j, k, i.e. Xburl,i

⋂
Xa,j 6= ∅ and

Xburl,i
⋂
Xa,k 6= ∅ while Xa,j

⋂
Xa,k = ∅. An example of such an actuator topology

is a square actuator grid (right plot in Figure 5.13). A square actuator grid aligns
better with the exposure field and will be easier to manufacture. The fact that an
individual burl may be excited by two actuators simultaneously is described by the
influence functions and will therefore not cause any issues.

From the results shown in Figure 5.14, it is shown that actuating the hexagonal
grouping or square grouping deteriorates performance slightly. However, using the
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Figure 5.12: Resulting performance using only actuation in z-direction.

square actuator grid the performance loss is less than the hexagonal grouping. Also
using this actuator grouping, a significant reduction of the required number of ac-
tuators is achieved, e.g. less than 30 percent of the un-grouped actuators. This aids
the manufacturability of the AWC concept and reduces the computational load of
the controller algorithm.
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Figure 5.13: Left: Hexagonal actuator topology 7 burls; Right: Square actuators
topology.

Figure 5.14: Resulting performance for the point-wise in time actuation on indi-
vidual burls, hexagonal grouping in 7 burls and square grid actuation using only
x, z-actuation.
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5.3.5 AWC without POB corrections

Finally, we assess the AWC performance in the absence of POB corrections. As de-
scribed in Section 2.6, using the POB it is possible to create higher order spatial
shapes. This makes the AWC usefull only for higher order corrections. However, the
correctability of an AWC could possibly make POB corrections redundant and allow
for a simplified POB design. This is demonstrated in Figure 5.15, where it is clear
that the worst case in-plane error, before AWC corrections, is much higher without
POB corrections. However, after AWC corrections similar performance is achieved
for both systems with and without POB corrections. The consequence of not having
POB corrections, is that the AWC will require a larger stroke, such that the same per-
formance can be obtained. In this example, around 30 % additional AWC actuator
stroke is required in the absence of POB corrections.

Figure 5.15: Comparison of the resulting performance of the ‘sequential algorithm’
with and without POB corrections.
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5.3.6 Overview of design recommendations

Finally, we briefly summarize the design recommendations in Table 5.5. All rec-
ommendations are at least motivated from a performance standpoint. However
some recommendations follow from additional motivations. Namely, sequential
optimization (3.31) is preferable over integrated optimization for computational
reasons. The embedded actuation concept (Concept 2) allows for more freedom
in the manufacturability of the concept in terms of larger permissible actuator vol-
ume and less interaction with the electrostatic clamping field. The total number of
actuators is reduced significantly to less than 30% of the number of burls by consid-
ering square grid actuation as the recommended actuator topology, which is ben-
eficial to manufacturability. It was shown that using 2-DOF actuation in x- and z-
direction, similar performance as full 3-DOF actuation can be obtained. Even with
1-DOF actuation in z-direction significant improvements in all three directions can
be achieved, however a slight reduction of performance in x-direction is observed.
Hence, for the best performance we would recommend 2-DOF actuation in x- and
z-direction. However, if further complexity reduction is required the actuation in
x-direction could be omitted without major performance loss. Finally, POB correc-
tions can be omitted at the cost of 30% additional stroke on the AWC actuators.

Design parameter Recommendation Motivation
Optimization strategy Sequential optimization Computation time
Burl actuation vs
Embedded actuation

Embedded actuation
(Concept 2)

Manufacturability

Actuator DOF 2-DOF actuation in x, z
direction

Complexity

Actuator topology Square grid actuation Complexity
POB corrections Not required Complexity

Table 5.5: Design recommendations



Chapter 6
Conclusions

Abstract - In this thesis we have presented the concept of an active wafer clamp, de-
signed controllers for it and evaluated its performance. In this chapter we will provide
concluding remarks on the aspects treated in this thesis, as well as recommendations
for future research.

6.1 Conclusions

In Chapter 1 we have introduced the problem setting for the AWC concept and for-
mulated the research question as follows

How to efficiently control thousands of multi-DOF actuators in an active wafer table
concept so as to compensate in- and out-of-plane thermal induced deformations

incurred from spatial and temporal varying exposures?

with the following interpretations

• efficiently: computationally efficient such that real-time implementation of
the control algorithm may be feasible

117
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• thousands: any number between 1,000-30,000

• compensate: as described before by minimizing overlay and focus errors, mea-
sured in terms of amplitude variations

• thermal induced deformations: wafer deformations due to exposure

• spatial and temporal varying : we consider the exposure slit while scanning
the wafer.

In order to answer this question, the following subquestions were defined for which
we shall provide conclusions in a point-wise fashion.

Sub-question 1. How does a control relevant multiphysics model look like to nu-
merically simulate trajectories that are compatible with the AWC
concept?

Conclusion 1.1. We have justified the assumption of quasi-stationary thermo-
elasticity on the basis of the time-constants of a one dimensional
beam model whose thermo-mechanical properties are similar to
those of the wafer.

Conclusion 1.2. The localized basis functions used to compute a finite element
method solution, results in localized spatial resolutions that can
be limiting in the accuracy of the obtained solution.

Conclusion 1.3. Simulating a high resolution thermo-mechanical model of the
complete wafer and clamp is practically infeasible and unneces-
sary as we can geometrically reduce the model.

Conclusion 1.4. We concluded that the actual deformation of the wafer can be
viewed as a superposition of deformations of individual influence
of the actuators. These have been modeled as influence functions
that have a linear effect on the total deformation.

Conclusion 1.5. Symmetry in the burl topology can be utilized to reduce compu-
tational times.

Conclusion 1.6. Wafer stage and projection optics corrections can be used to par-
tially correct the expected wafer deformations.



6.1. Conclusions 119

Sub-question 2. How can we control a large-scale system, with a large number of
possible inputs and outputs with a moving area of interest?

Conclusion 2.1. The thermo-mechanical model that we derived has global valid-
ity, but its control-relevant performance only matters at the expo-
sure slit. This observation motivated spatial and temporal local-
ization of the model around the exposure slit for control design
and for actuation purposes.

Conclusion 2.2. Based on the relevance of overlay and focus errors, this thesis fo-
cuses on performance criteria that minimize the amplitude of er-
ror signals (reflecting overlay errors and focus errors). Mathemat-
ically, this required considering `∞ norms as performance crite-
ria. We showed that the optimization of actuator forces amounts
to solving a linear programming problem on a limited number of
decision variables.

Conclusion 2.3. By localization, the number of decision variables in the linear pro-
gram is (for the considered geometry) reduced by 80% and the
number of constraints is reduced to 1%. This reduction becomes
even more impressive when an entire clamp would be consid-
ered.

Conclusion 2.4. We developed two optimization strategies, an integrated opti-
mization strategy in which wafer stage and projection optics cor-
rections are integrated with the optimization of the actuation
forces of the active wafer clamp concept, and a sequential op-
timization strategy where the wafer stage and projection optics
corrections are computed before the active wafer clamp forces.
We concluded that the integration of wafer stage and projection
optics corrections into the active wafer force optimization, does
not improve performance of the active wafer clamp significantly.
Moreover, the integrated optimization algorithm is computation-
ally a factor 5 slower than the sequential algorithm.

Conclusion 2.5. Using the localized FF algorithms (integrated and sequential) on
the simplified beam model, the AWC can improve performance
in z-direction between 5-10 times and in y-direction a factor 2-5
with respect to only having WS and POB corrections.

Sub-question 3. How can we utilize sensor information to reduce overlay and focus
errors in the AWC concept?
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Conclusion 3.1. During exposure, direct measurement of the wafer surface defor-
mations in the point of interest are not available. Using sensors at
the bottom of the wafer in combination with a state observer an
estimate of the surface deformations can be obtained. We consid-
ered various performance criteria for the design of optimal ob-
servers that reflect, again, the amplitude norm of estimation er-
rors. We justified that specifically the so called generalizedH2 ob-
server is of quite some interest. We presented different algorithms
for the synthesis of this observer, and showed that the Kalman fil-
ter, properly interpreted, has optimal behaviour in this context.

Conclusion 3.2. The high level of complexity of the finite element model requires a
proper reduction of the model to facilitate the design of observers.
Various reduction strategies have been investigated in this thesis,
including proper orthogonal decompositions and tensor-based
strategies. For the latter, we compared the high-order singular
value decomposition of a tensor with a newly defined successive
rank-1 approximation of a tensor that reflects the amplitude of
error signals.

Conclusion 3.3. Model reduction techniques based on tensor methods, that con-
sider spatial structure in a solution, do not necessarily produce
better reduced order models than the POD method that does not
consider spatial structure in the solution.

Conclusion 3.4. The simplified beam model of the wafer showed that a reduction
of the number of states with a factor 30 compromises accuracy
with an acceptable level for a predetermined scan pattern.

Conclusion 3.5. For heat-load variations of 10%, observer estimates of the wafer
surface deformation can improve overall performance of the
AWC.

Sub-question 4. How can the AWC concept be designed such that performance and
architecture complexity are balanced?

Conclusion 4.1. For the wafer clamp model, applying the sequential optimiza-
tion algorithm to compute feedforward forces of the active wafer
clamp concept can improve in- and out-of-plane deformations
by a factor 5-10 with respect to only wafer stage and projection
optics corrections.
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Conclusion 4.2. We demonstrated that the reduction strategies discussed in Chap-
ter 4 of this thesis were adequate to reduce the full order thermo-
mechanical model of the wafer from a 150,000 dimensional state
space model to a 100 dimensional state space model with approx-
imation errors less than 20%.

Conclusion 4.3. The observer that we synthesized on the basis of the reduced or-
der model guarantees absolute estimation errors below 32.6 [nm].

Conclusion 4.4. Using an observer to estimate wafer surface deformations in feed-
back, benefits the active wafer clamp concept by improving over-
all performance in the presence of input disturbances.

Conclusion 4.5. Based on computation time and achievable performance, the se-
quential optimization is recommended over integrated optimiza-
tion as similar performance is obtained at five times reduced
computation times.

Conclusion 4.6. In this thesis we distinguished two design concepts for the active
wafer clamp. In the burl actuation concept, burls are replaced
by actuators and the wafer is deformed directly. In the second
concept, embedded actuation, actuators are placed lower into the
clamp such that interaction with the electrostatic clamping field
is eliminated. Intuitively, it seems that burl actuation is favor-
able over the embedded actuation concept because actuators are
placed closer to the wafer. In this thesis we proved that both con-
cepts can achieve similar performance. Thus, maximal achiev-
able control performance is not a criterion to decide among the
two concepts. Therefore, based on manufacturability and actua-
tor constraints embedded actuation is preferred.

Conclusion 4.7. The large number of possible 3-DOF actuators (worst case equal
to the number of burls) results in a complex design of the active
wafer clamp. Using simulation, we proved that similar perfor-
mance can be obtained using 2-DOF actuation rather than 3-DOF
actuation. This allows for significant complexity reduction of the
active wafer clamp concept.

Conclusion 4.8. By embedding a grid of square actuators into the clamp, simi-
lar performance can be achieved as by individual burl actuation.
This allows for further reduction of complexity in the active wafer
clamp concept and more ease of manufacturing.
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Conclusion 4.9. The active wafer clamp concept can make the projection optics
corrections redundant. Both the active wafer clamp and projec-
tion optics corrections aim to reduce overlay and focus errors. It
was shown that, in the absence of projection optics corrections,
the active wafer clamp concept can still achieve similar perfor-
mance as in the presence of projection optics corrections. This
indicates that the active wafer clamp can make the projection op-
tics corrections obsolete. However, this comes at a cost of addi-
tional required actuator range of 30%.

6.2 Recommendations for future research

Multiple fields
The case as considered in this thesis focuses on correction of exposure induced
wafer deformations. We have localized the problem geometrically to a field at the
wafer edge with the idea that this field is both an extreme in the sense of edge ef-
fects, but also representative for fields in the interior of the wafer as a large area of
the field is above homogeneously distributed burls. However, we have not evalu-
ated performance of the AWC for other fields such as for example above an E-pin,
or at a different edge field that is for example exposed in a direction parallel to the
wafer edge. Furthermore, we have only considered initially flat and cold wafers.
Due to the exposure slit meandering over the wafer, most fields will have a non-
zero non-homogeneous initial temperature distribution. This initial temperature
distribution corresponds to initial deformations that have not been considered. To
assess performance gains over the entire wafer, it would be valuable to evaluate the
performance in the situations described above.

Sensor topology optimization
The feedback performance discussed in Chapter 5 relies on measurements at all
burl locations in order to estimate surface deformations. These measurements
could for example be provided by self-sensing techniques of piezo-actuators [56].
Using self-sensing a piezo actuator can be used both in actuator operation and sen-
sor operation. This would allow to either switch actuators to function as sensors and
back or in some-cases even simultaneously as both an actuator and sensor [57]. In
practice self-sensing may be difficult and therefore it would be interesting and use-
ful to study how to distribute a number of dedicated sensors below the wafer in
order to achieve decent estimates of the surface deformations and good actuation
performance.
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Real-time implementation
Although the sequential optimization algorithm is formulated efficiently in the
form of an LP, calculation of the optimal AWC forces at each times step takes mul-
tiple seconds. Considering that exposure of a field occurs in a few milliseconds,
improvements need to made here.

Test setup
In order to validate simulation results in practice a test setup is required. Through
validation in a test setup, we may learn about robustness issues that were not fore-
seen in the simulations. During the research described in this thesis we have looked
into such a setup that can be constructed from existing components. The idea was
to place two DMs in a Michelson interferometer as the reference and measurement
mirror, see Figure A.1 in Appendix A. By measuring the sum of both deformations
we can then determine whether or not the mechanical DM compensates the defor-
mations on the thermal DM. Unfortunately the proposed setup has not been real-
ized, due to unavailable components. For additional information on the proposed
test setup, see Appendix A.





Appendix A
Test setup

In order to validate simulation results in practice, a test setup as in Figure A.1 was
proposed and studied during this research. Unfortunately the proposed setup could
not be realized due to unavailability of the suggested components. However, in this
appendix we will describe the foreseen test setup and simulation results of it such
that it may be useful for future experiments.

In this thesis we discuss the goal to correct exposure induced thermo-mechanical
deformations using an AWC concept extensively and evaluate its performance
through simulations. To recreate the AWC setting in a practical setup, without actu-
ally building the exact concept, we rely on the superposition effect of thermal and
mechincal deformations. For this, consider the configuration of a Michelson inter-
ferometer in which both mirrors are DMs, e.g. Figure A.1. Here one mirror will be
thermally actuated by a projector representing wafer heating effects, and the sec-
ond mirror represents the AWC mechanical correction. As in-plane actuation is not
relevant in typical DM applications, only z-actuation will be available. The wave-
fronts that are reflected off the mirror surfaces are combined by the beam splitter
and projected onto the detector. If the mechanical DM exactly compensates the
deformation on the thermal DM, a flat wavefront is detected.

Thermal DM
The proposed thermal DM developed in [58], consist of a special multilayer mirror
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Figure A.1: Proposed test setup.

(50×50 [mm]) that has a high energy absorbtion rate na = 96%. This energy is ap-
plied at the back-side of the mirror by a projector, capable of delivering exposure
heat load hin up to 2.4 [kW/m2] corresponding to an input source power Pin = 5
[W]. Furthermore, the mirror is located in a near vacuum environment similar to
that in which the wafer of the AWC concept is located.

Mechanical DM
The suggested mechanical DM comes from the work in [59], which is comparable
to the thermal DM in dimensions in that it is 50 [mm] in diameter. The DM consists
of 61 variable reluctance actuators, rather than the assumed piezo actuators in the
AWC concept. Furthermore the actuators have an actuation resolution of 5 [nm],
and are spaced 6 [mm] apart from each other.

Simulation
Using the thermal DM setup as created in [58] the maximum power in the area ex-
posed by the slit A = 26[mm2] is hinAna = 59[mW]. Simulations with this heat
load show insufficient thermal deformations (less than 5[nm]) to be able to correct
them accurately with the proposed mechanical DM, e.g. left plot in Figure A.2. To
overcome this issue, the mechanical DM can be switched out for one with better
actuation resolution. Alternatively, a more powerful projector can be used on the
thermal DM, the exposure slit can be scaled up to deposit a larger heat-load on the
mirror, the speed by which the slit is scanned over the mirror can be reduced and
we can perform multiple scans over the same area to induce more deformations. In
the right plot of Figure A.2, we have increased the slit length by a factor 4 such that
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a maximum power of 236 [mW] is achieved, resulting in significantly larger defor-
mations.

Figure A.2: Thermal deformation at certain moment in time for exact slit dimen-
sions at 59 [mW] (left) and a 4 times larger slit length giving 236 [mW] (right)
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