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ABSTRACT

Extreme Ultraviolet (EUV) lithography is a cutting-edge technology that plays a pivotal role
in semiconductor manufacturing, which has enabled the production of smaller and more
powerful electronic components. Efforts to continuously boost EUV power translate to high-
er throughput, allowing more wafers to be processed. This, in turn, decreases production
costs and enhances the overall productivity of semiconductor fabrication.

However, the trend of elevating EUV power, raises preoccupation over the thermo-
mechanical stability of optical components that constitute these lithography machines. Be-
cause they operate with high precision systems, small uncontrolled disturbances can pro-
duce losses of performance, which is the case with the thermo-mechanical impact of back-
reflected heat loads in the Focusing Optics (FO). This is the module that includes the optical
components and structures that interacts with both the high-power CO. drive laser (forward
beam), used to generate EUV, and the back-reflected heat loads from the EUV generation
(return beam and EUV back-reflections).

The primary goal of this research was to investigate how the increase in EUV power genera-
tion impacts a population of multiple machines. This investigation employed a MATLAB
script to quantify back-reflected heat loads in the FO module. The analysis highlighted that 3
components within this module are particularly susceptible. Notably, the structure responsi-
ble for compensating for CO; laser focus shifts, with an actuation system, provided insights
into the link between back-reflected power and the systems' correction, which implies a wid-
er actuator range of motion. It was found the bigger contributor for CO. laser focus shift,
within the FO components. This insight holds significance in preventing reaching an actua-
tion limit, due to the generation of higher-power back-reflections.

Keywords: Extreme Ultraviolet Lithography (EUV), Thermo-Mechanical Stability, Back-
Reflected Heat Loads, Semiconductor Fabrication



RESUMO

A litografia por Extreme Ultraviolet (EUV) é uma tecnologia de vanguarda que desempenha
um papel fundamental na fabricacdo de microchips, permitindo a producdo de componentes
cada vez mais pequenos e potentes. Os esfor¢os para aumentar continuamente a poténcia do
EUV resultam numa maior taxa de produgdo, possibilitando o processamento de mais wafers.
Isto, por sua vez, resulta numa reducdo de custos de producdo e num melhoramento da
produtividade na fabricagao de microchips.

No entanto, a tendéncia para aumentar a poténcia do EUV suscita preocupagdes quanto a
estabilidade termo-mecanica dos componentes 6ticos que constituem estas maquinas de lito-
grafia. Uma vez que operam com sistemas de alta precisdo, pequenas perturbacdes nao con-
troladas podem levar a perdas de performance, como é o caso do impacto termo-mecanico
das cargas térmicas refletidas de volta para o Focusing Optics (FO). Este médulo engloba as
estruturas e componentes 6ticos que interagem, tanto com o laser de CO; de alta poténcia,
usado para gerar EUV, como com as cargas térmicas geradas pela producdo de EUV, que
incluem o préprio EUV e parte do laser de CO» que é refletido de volta para o FO.

O principal objetivo desta tese foi investigar o impacto da producdo de maiores poténcias de
EUV, com uma populagao de diversas maquinas. Esta investigagdo recorreu a programacao
de um script de MATLAB para quantificar as cargas térmicas nas estruturas do FO. A analise
destacou os trés componentes do FO que sdo particularmente afetados. Por outro lado, o
sistema de atuacdo, responsavel por compensar os desvios do foco do laser de CO», propor-
cionou uma compreensdo aprofundada sobre a estrutura cuja expansao térmica mais contri-
bui para tal desvio, e provoca uma amplitude cada vez maior do movimento do atuador.
Este resultado é significativo para melhor se compreender como prevenir atingir-se um limi-
te de atuagdo, devido ao aumento da poténcia das cargas térmicas no FO.

Palavras-chave: Litografia de Extreme Ultraviolet (EUV), Estabilidade Termo-Mecanica,
Cargas Térmicas Refletidas, Producdo de Semicondutores
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‘ 1
INTRODUCTION

1.1 Motivation

EUV photolithography is currently the most advanced technology for microchip manufac-
ture, due to its ability to print the smallest wafer patterns the world has seen [1]. The size of
these machines speaks for itself when it comes to complexity, where the EUV generation
stage alone requires extreme amounts of precision for the whole lithography process to func-
tion [2]. To produce EUYV, it is required a CO. drive laser to hit a tin droplet, which generates
the EUV plasma [3], a process that is later explained. The high power of these two light
sources impacts the thermo-mechanics of the structures that interact with them [4], the ex-
pansion of which may bring consequences for the performance and lifespan of EUV lithog-
raphy machines.

The trend continues to be the generation of higher EUV power, which is why the thermo-
mechanical impact of high-power sources must be investigated. The Focusing Optics (FO)
module, which includes the optical components the focus the high-power CO, drive laser on
the tin droplet [3], is the module that receives more heat loads. The thermal expansion of any
structure, if not properly controlled, can contribute to a loss of performance or even cata-
strophic consequences. For this reason, this project tries to answer to the questions:

e What is the overall impact of the heat loads in the FO?
e  What structures in the FO are mostly impacted by back-reflected heat loads?

e How does increasing back-reflected power impact the system that compensates for
expansions in the FO (the actuator)?

e What is the structure in the FO, the expansion of which is mostly contributing for the
actuator's compensation?

1.2 Project goals

Before beginning the deep dive into this research, it is also important to understand the goals
of this project and how the questions previously stated are answered. Because this is re-
search that took place at the EUV lithography machines' manufacturer, ASML, the main goal
is to provide the company with knowledge regarding the impact of the heat loads in the Fo-
cusing Optics, and the thermal and thermo-mechanical performance of several EUV ma-
chines, contributing for a better product in the future.



This is accomplished through the access and processing of machine data, with the develop-
ment of a MATLAB script, which is the focus of the chapter 3, Methodology. Following the
data processing steps, statistical data of a population of several EUV machines is achieved,
which ultimately reveals the magnitude of the heat loads in the FO. Finally, the final goal is
to study of the impact of heat loads the system that compensates for expansions in the FO
(the actuator), conceiving a mathematical method that helps understanding the consequenc-
es of higher EUV power generation in the actuation range.

1.3 Location of the research

This research took place at ASML's headquarters, in Veldhoven, the Netherlands. ASML is
the single manufacturer of EUV lithography machines and one of the main manufacturers of
deep ultra-violet (DUV) lithography machines. This project was possible thanks to the AS-
ML's financing and support, and to the opportunity of monetary aid from the Erasmus+
scholarship.

1.4 Thesis outline

This thesis is organized in 5 chapters: Introduction, Literature review, Methodology, Results
and Conclusions. In chapter 1, is described the motivation and goals of the project, while in
chapter 2, a brief description of the state-of-the-art technology of EUV generation and the
contextualization of this research in the future of EUV lithography. It is also described the
physical concepts utilized throughout this thesis. In chapter 3, the methods followed to cre-
ate the MATLAB script are explained, from the importing of raw machine data to data ap-
propriate for analysis and statistics. In chapter 4, it is analyzed the results obtained from
chapter 3's methods and draws conclusions regarding the impact of back-reflected heat loads
in the FO, obtaining the answers to the questions from the motivation section, 1.1. Finally,
chapter 5 summarizes the key conclusions of the research, and it is delineated the future
work proposed in order to continue this study.
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LITERATURE REVIEW

2.1 Background and current trends in photolithography

In a constantly advancing technological world, our daily lives are becoming easier day after
day. Computers are faster, smartphones have progressively more features, and so many oth-
er unimaginable tools of our everyday life are helping us become more and more comforta-
ble. But the key to all these advancements is the progress made by the chip-making industry.
Although Moore's Law may be coming to an end, it is still relevant for explaining the speed
at which the world is advancing with better and faster technology.

Photolithography is a cornerstone technology in the manufacture of microelectronics and is
used in the production of a wide range of integrated circuits, memory devices, and micro-
processors [5]. DUV (193nm) lithography is the current main technology for chip-printing
[6], but the most powerful and advanced technology in use today is the EUV photolithogra-
phy, with a wavelength of 13.5nm, which can print the smallest microchips available so far,
reaching a logic node size of 3nm [7].

Over the last 40 years, the light source has seen its wavelength reduced, with the goal of de-
creasing the node size [8]. Mercury arc lamps were used to produce visible g-line light
(436nm), used in the first wafer stepper [9]. Then ultraviolet i-line (365nm) light was pro-
posed, reaching a 0.7um resolution [10]. After that, DUV began its way, using KrF excimer
lasers as the light source, with a wavelength of 248nm [11]. Advancements on DUV lithogra-
phy allowed the wavelength of the light source to be reduced even more, with the use of an
ATrF excimer laser for 193nm DUV (dry and immersion) [12].

Currently, the three market leaders in the chip-making industry are ASML, Nikon, and Can-
on DUV. The competition remains on DUV market, with ASML being the leader on immer-
sion systems, shown in Figure 2.1, and the leader on ArF, KrF and i-line systems, since 2016,
as shown in Figure 2.2. The EUV market, though, is fully controlled by ASML, which until
today was the only company selling EUV systems [13].



180

100 ASML (dry) Nikon (dry) Canon (dry)
-ASML(immersion) E Nikon (immersion) 160 ' L .

140

it

2013 2074 2015 2016 2017 2018 2019 2020

2013 2014 2015 2016 2017 2018 2018 2020
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Figure 2.1: Number of immersion systems sold by sold by ASML, Canon and Nikon by fiscal year.
ASML and Nikon by fiscal year. Source: [6] Source: [6]

2.2 EUV lithography

Unlike the previous technology, which uses a laser as the light source, EUV is instead gener-
ated using a technique called Laser-Produced Plasma (LPP) [14], which consists of the for-
mation of a plasma when a drive laser is focused on a target. In the case of EUV, the drive
laser is a high-power CO; laser system, and the target is a tin droplet of about 25um [15].
Figure 2.3 shows the system that generates and amplifies the CO, drive laser, the Beam
Transport System (BTS), and the FO, which focuses the DL on the tin droplet.
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- With Collector, Droplet
« Key factors for high source power are: Generator and Metrology
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Figure 2.3: Schematics of the modules that constitute the EUV source, from the seed laser to the generation of
plasma, focused on the IF. Source: [16]

Tin is the material of choice due to its high EUV conversion efficiency (CE) [2], which is one
of the most important requirements for producing EUV light more efficiently. CE is the ratio
of an energy output over the amount of energy that was put into producing it. In this case,
the higher the CE of a target, the more EUV power, at 13.5nm, it can provide.

The system involved in generating the tin plasma is a very powerful CO; laser, that achieves
more than 20kW [17]. It includes a master oscillator power amplifier (MOPA), which gener-
ates a laser pulse that seeds the power amplifiers for single pass gain, shown in Figure 2.4
[18]. This way, a seed laser can be amplified, and its power scaled. This process is more bene-
ficial than just using a higher-power laser since lower-power seed lasers provide a lower
noise amplitude and increased pulse-to-pulse stability [19]. Current machines also use a



high-power seed system technology [18], because of the need to scale the drive laser power
even more.

MOPA + Pre-pulse NXE:33008B Drive Laser Beam Transport & Vessel
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Figure 2.4: Schematics of the MOPA+PP system. Source: [19]

Another important component present is a pre-pulse (PP) system, whose function is to re-
shape the tin droplet [21]. It was found that a cloud-like shape could provide a higher CE, as
shown in Figure 2.5. Therefore, before the main laser is focused on the tin droplet, it is hit by
a primary laser that generates an expanded cloud target. Figure 2.6 demonstrates the princi-
ple behind it, where it is shown that the CE increases with the cloud-like target shapes. But
even with this approach, the CE achieved is only 5% [17]. Despite the inefficiency of EUV
generation, the TWINSCAN NXE:3600D, shown in Figure 2.7, and the TWINSCAN
NXE:3400C are the current EUV machines on the market, capable of achieving the current
most advanced microchips.
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Figure 2.5: Conversion efficiency with various target

shapes and densities. Source: [20] Figure 2.6: Target formation process and principle.

Source: [16]

The big obstacle with EUV light is its high absorption by any material [22], which comes
with a lot of power loss from all the system constituents. Several measures were taken to
have into account this property of EUV light. Firstly, the system is in a vacuum because air
particles also absorb [23]. And secondly, the focusing optics use mirrors instead of lenses
since they would also absorb all the EUV light.

Another difficulty is the fact that the plasma formed emits not only EUV radiation but also a
much broader spectrum of light. So, it's important that the mirrors can select only the 13.5nm
wavelength to deliver the EUV beam with the correct wavelength to the to the intermediate
focus (IF). The collector mirror, the mirror responsible for that function, is designed to pro-
vide an overall peak reflectivity at the 13.5nm wavelength [24]. However, in theory, the max-
imum reflectivity of this approach is still 75% [25]. The collector also has an ellipsoidal shape,
as can be observed in Figure 2.8, because this is the shape that allows light to be reflected and
converge on the IF.
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Power loss is still observed throughout the whole system. To get an idea of the power loss
level, it was concluded that for a throughput of 100 silicon wafers per hour (WPH) at a typi-
cal scanner duty cycle of 60%, the power at the wafer should be greater than about 550mW,
which requires the EUV source power at IF to be greater than 200W [20]. But even though
large amounts of power are needed to fabricate chips with EUV technology, they are still the
only machines capable of doing so.

2.2.1 The Focusing Optics

The FO is the module in research. As previously mentioned, the proximity of this module
from the vessel, as represented in Figure 2.9, leaves the components inside on the FO ex-
posed to back reflected light from the vessel, which causes them to thermally expand.

Vessel

LA

Figure 2.9: Representation of the FO and the Vessel in the process of generating EUV.

To study the impact of the heat loads in the FO, it's important to know what structures are
inside of it and what role they play. In Figure 2.10, it is observed the order of which the CO,
drive laser interacts with each structure. There are two optical components, OC1 and OC2,
and three mirrors, M1, M2 and M3. These five structures directly interact with the CO. drive
laser beam, either by transmitting it or reflecting it. There are also two other structures, that
although don’t have an optical function, are still exposed from heat loads from the vessel,
which are the Housing, which is a structure in which the components are attached to or built
on, and the ACT (Actuator), which is responsible for moving the M3 mirror, to keep the laser
focused on the droplet.
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Figure 2.10: Schematic of the order of the structures inside the FO (Not a real representation of their position)

So, the main takeaway of this section is to understand the components that are studied in
this project. Because these components interact with high power radiation, they are water-
cooled, to keep their temperature stable and avoid large thermal expansion. The temperature
of the water carries the information about heat loads and their impact, so it's important to
know how the cooling water systems work and how water temperature can be measured.

2.2.2 Water-cooling systems

All structures in the FO have their own water-cooling system, to keep them at a controlled
temperature, despite the high heat loads from the CO, drive laser beam. Heat loads are
measured through changes in the cooling water temperature, since it can give us information
about the power absorbed in the component. A particularity about these systems is that the
water-cooling system for the optical components is separated from the remaining structures,
which can be observed in Figure 2.11 and Figure 2.12. Another particularity is that only the
outlet water temperature is accessible, which requires aid from the MATLAB script, to obtain
the variation in temperature, AT, in each component. Finally, M1 and M2 have a joint water-
cooling system, which isn't be an obstacle in any way, only something to remember when
analyzing data.
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Figure 2.12: Cooling water system for the Housing
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Figure 2.11: Cooling water system for optical structures

2.2.3 The actuator

The purpose of the ACT is to control the focus position of the CO, drive laser and maximize
the generation of EUV power. To do this, the ACT can move up and down to keep the drive
laser focused on the tin droplets, as it is seen in Figure 2.13. This is achieved with control
modules that send a feedback signal of the droplet's position in relation to the actuator, so



that it can follow the instruction to move accordingly. The interesting fact about the ACT is
that the thermal expansion in the FO causes shifts in the drive laser focus position, that must
be corrected with the ACT. This means that this structure can provide information about the
impact that the FO expansion, or back-reflections, have in the actuator's range.

Figure 2.13: Actuator's motion to keep the CO; laser focus on the droplet.

2.3 EUV and CO; drive laser

2.3.1 Absorption from materials

It is important to distinguish the difference between the materials' interaction with EUV light
and COs laser light. In the first one, we're dealing with 13.5nm radiation, but the second one
has a wavelength of about 10.6um. This difference of about three orders of magnitude highly
affects the way light is absorbed and reflected. In Figure 2.14, it is observed that for the CO.
laser wavelength, the absorption in the material depicted is low. On the other hand, when
the wavelength becomes shorter, the absorption increases, sometimes exponentially. There-
fore, for the EUV wavelength, the absorption is very high, not just for metals but for most
intermediums [25].
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Figure 2.14: Absorption coefficient for several materials. Adapted from: [28].



2.3.2 Back-reflections

Back-reflections occur because of the vessel's architecture where both EUV and CO; laser can
be back-reflected.

Figure 2.15: Back-reflections

2.4 Heat transfer and thermal properties

This chapter discusses the theoretical ideas that must be understood to fully comprehend the
guiding principles that underlie the objectives of this project. Among these concepts, are the
main ways heat can be transferred within the FO components.

2.4.1 Thermal conduction and thermal expansion

Thermal conduction consists of the transfer of heat through molecular interaction and dis-
placement [29]. It persists until the material achieves thermal equilibrium. The speed at
which the heat is transferred depends on the temperature difference and the material's ther-
mal conductivity. The heat flux obtained by conduction is expressed in the equation 1, where
k is the thermal conductivity (W/m-K), A is the surface area (m?) and AT/Ax is the tempera-
ture gradient (K/m).

dr = kAE (D

The thermal conductivity of the instruments is a very important property to consider. When
a material has a high thermal conductivity, it can distribute heat more uniformly and effi-
ciently, preventing temperature gradients and its deformation. Together with a high thermal
conductivity, it is also essential that the material has a low thermal expansion coefficient, so
that it is less susceptible to deformation from temperature variations. This is key to maintain-
ing a mechanically stable system. Figure 2.16 shows various materials classified by their
thermal conductivity and thermal expansion. It's easy to conclude that the materials that
better suit a system with high heat loads would be those at the bottom right, with high ther-
mal conductivity and low thermal expansion, namely the metals.
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Figure 2.16: Thermal expansion vs. thermal conductivity for various materials. Source: [30].

2.4.2 Thermal time constant

Time constant, T, is a parameter that measures the time it takes for a system to change, given
a stepwise variation of the initial conditions [31].
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Figure 2.17: Temperature curve during heating

In a thermodynamic system, T measures the time it takes for a system to reach 63.2% of the
new surrounding temperature from the initial temperature (in the case of a positive tempera-
ture variation), in an exponential rising, as seen in Figure 2.17. This way, if there is a sudden
increase in temperature, it varies according to the equation 2:
t
T(t) = (To—Tole T+ T (2)
With:
T=RC 3)

Where R is thermal resistance and C is the heat capacity.

10



2.4.3 Heat capacity

Heat capacity quantifies the amount of heat energy a material can store for each unit change
in temperature [32]. The heat transfer can be defined as the equation 4, where c is the specific
heat capacity (J/kg'K), m is the mass of the material (kg), and AT is the variation in tempera-
ture of the material (K).

Q = cmAT (4)

This property is especially useful to calculate the absorbed power by the water-cooling sys-
tems. This can be done as shown in equation 4, so the power that is being absorbed, Q de-
pends on the mass flow, m/t (kg/s), on the specific heat capacity of water, ¢, qter (J/ kg K),
and on the temperature variation, AT, of the water (K).

In Table 2.1, there can be found the thermal coefficients mentioned of a few metals used in
EUV lithography machines [33]-[35]. Comparing with Figure 2.16 these are some of the ma-
terials at the bottom-right of the chart, which mean that their low thermal expansion and
high thermal conductivity is appropriate for the thermomechanical stability of the machine's
optics.

Table 2.1: Thermal properties of Al, Cu, SS and Ti [33]-[35]

Metal Thermal conduc- Specific heat, Thermal expansion,
tivity, k (W/m-K) ¢, (k]/kgK) a (107 m/m°C)

Al 236 091 23.1
Cu 401 0.39 16.8
S5 14.4 0.5 17.8
Ti 224 0.54 85-9

2.4.4 Convection and radiation

As mentioned, the environment for the EUV production is a vacuum, so heat transfer
through gas conduction or convection is negligible. Thermal radiation is defined as the elec-
tromagnetic energy emitted when a body is at a nonzero temperature [36]. The thermal radi-
ation power transferred between two bodies is given by the equation 5, where T1 and T> are
the temperatures of surfaces 1 and 2, o is the value of the Stefan Boltzmann constant,
5.670367 x 10-8 W/m?2 and € is the emissivity of surface 1.

Qraa = 50—A(T14 - T24) (5)

In this case, radiation has a negligible impact in the FO structures cooling, due to the similar
temperatures between structures and FO environment.
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3

METHODOLOGY

As previously mentioned, MATLAB was the software chosen for the creation of a tool that
allowed this research to take place. Thus, the Methodology chapter focuses on every step of
the MATLAB tool creation and follows the path between the raw signals that are provided
by sensors inside the machine, in their working conditions, and the statistics and plotting of
all machines' data. The reason why the MATLAB tool creation deserves its own chapter is
because, to reach the statistical analysis step, a significant amount of machine data pro-
cessing was done beforewards.

3.1 Creating a tool in MATLAB

In Figure 3.1, it is shown all the steps that need to be fulfilled for the tool creation, that is dis-
cussed in this chapter:
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Figure 3.1: Schematic of the MATLAB tool data preparation.
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3.2 Data collection

Data collection is done through a direct connection between MATLAB and the machine's
databases. This part of the script was provided to allow the import of machine's data for this
study, which is raw minutely data from sensor signals.

ater outiet temperatures

Figure 3.2: Example of raw temperature data from mirrors.

3.3 Heat loads in the Focusing Optics

In this section, the goal is to obtain the thermal parameters, water's AT, absorbed power and
absorption response, of each FO structure's cooling water, to collect statistical data to ulti-
mately understand the magnitude and impact of back-reflections on the FO. Figure 3.3
shows an example of the temperature signal the cooling water of each FO structure, where
temperatures can very between 21°C and 23°C.

However, not all thermal data is useful for statistics. At around 11:00, in Figure 3.3, when the
CO; drive laser is switched ON, the cooling water does not stabilize immediately. Therefore,
it should be waited until the water’s temperature has stabilized to count as useful data for
statistics.
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Figure 3.3: EUV power and CO2 drive laser power (left) and raw temperatures from FO (right).

3.3.1 Obtaining stable water temperatures

Analyzing the water temperature, In the right graph of Figure 3.3, the housing's water and
the ACT's water are the ones that require more time to stabilize. Moreover, for the sake of
simplifying the MATLAB tool, rather than assigning individual stabilization times to each
structure, the approach of adopting the slowest stabilization time for all FO structures is em-
ployed. Therefore, it is sufficient to examine the water in the housing and the water in the
ACT to identify the slowest stabilization time.
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To find the slowest stabilization time, 6 different machines were picked to calculate the ex-
ponential time constant of the housing and ACT. It was used the Curve Fitter in MATLAB, to
fit the water temperature data, when the drive laser is switched ON, to an exponential curve.
Having different machines is important for the accuracy of the results, because the EUV var-
iation affects the temperature data, causing lower quality fittings. Figure 3.4 shows the 6 ob-
tained fittings, for both the housing and ACT water, and their respective time constant, while
table 1 gathers the average of each structure’s water time constant.
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Figure 3.4: Housing water (left) and ACT water (right) temperature variation and correspondent exponential
fittings for 6 machines.

Table 3.1: Time constants for the housing and ACT water and respective average and standard deviation, for 6
machines.

Time constant (min)

Machine Housing water  ACT water
1 2.96 10.94
2 5.11 16.92
3 3.92 14.88
4 3.24 11.03
5 3.87 12.21
6 4.54 11.76
Avg., 1 3.9 13
St. Dev., o 0.73 2.2

From Table 3.1, the ACT has the slowest stabilizing cooling water, therefore the stabilization
of the entire FO takes place with the stabilization of this structure's water. As shown in Fig-
ure 2.17, a 95% stabilization corresponds to a time of 31, equating to approximately 40
minutes of stabilization time.

However, it is important to consider that this is the timeframe one should wait before initiat-
ing data collection if the system's state remains unchanged. Put differently, when the system
has just been turned ON, the countdown of 40 minutes begins.
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22 24311.656 176.653
23 | | 24325616 238.845 I Machine ON: start
() () () counting 40 minutes
62 24240.953 204.534
63 24289.607 243.753 | (machine ON for 40 minutes:
stable data!)
64 24239.424 234.846

Figure 3.5: Representation of the MATLAB script for obtaining stable data.

In Figure 3.5, it is demonstrated the idea behind the MATLAB tool, to implement a stabiliza-
tion time. In this case, 1 if the machine has been ON for 40 minutes or more, the data is con-
sidered stable. Any interruption sets the clock back to zero. Figure 3.6 showcases the CO»
drive laser power in stable states, in blue, and non-stable in grey.
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Figure 3.6: Drive laser power (top), raw water temperatures (bottom left) and stable water temperatures, with a
30-minute stabilization time (bottom right).

In the example shown in Figure 3.6, it was not possible to find data that satisfied the 40-
minute stabilization time. Therefore, the stabilization time had to be reduced to 30 minutes,
affecting the accuracy of the obtained data. However, this is something that must be com-
promised to collect enough data for statistical analysis.
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3.3.2 Calculating the thermal parameters under study

The next step is to calculate the thermal parameters that are analyzed in this project: water's
AT, absorbed power, and absorption response. This comparison provides insights into the
impact of back-reflections within the FO. These parameters are determined using the stable
temperature values just obtained:

AT = Thot — Teota (6)
mec AT
Abs. Pwr = Qabs — p,water (7)
t t
AT
Abs.Resp.= — (8)

Bco, pL pOWer

The absorption response is a parameter that measures the temperature variation per unit of
power of the CO; forward beam absorbed. Recalling the details about the water-cooling sys-
tems in section 2.2.2, T, 4 values are not available. Consequently, an alternative approach
must be devised to acquire cold temperature data. This alternative is necessary for calculat-
ing the water's AT and other parameters that hinge on this information.

3.3.21 Obtaining cold water temperatures

Examining Figure 3.7, which illustrates distinct CO, drive laser states, it's evident that a cor-
responding decrease in water temperature occurs when the drive laser is turned OFF. If the
drive laser is not operating, then there are no heat sources interacting with the FO, which
allows its structures, and consequently their cooling water, to cool down The water tempera-
ture eventually reaches a temperature that is the same of the inlet cooling water, T,,;4. This
temperature decrease also requires some time to stabilize, which is the reverse process of
finding the stable Tj,,,. The difference lies in the fact that the time constant now denotes the
duration required for the temperature to decrease from its initial value to 36.8% of the newly
established ambient temperature. Analogously, a 40-minute stabilization interval can be im-
plemented to gather cold water temperatures. Figure 3.7, on the right, provides a representa-
tion of the stable hot and cold temperatures.
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Figure 3.7: CO, drive laser indicating the stable laser OFF state, in black (left), and cold-water temperatures
(right), with a 40-minute stabilization time for cold water.

To calculate the AT, it requires a simple calculation using the obtained stable hot and cold-
water temperatures. To do this, the AT is calculated subtracting the average of immediately
preceding cold water values to each Ty, value. The plot in Figure 3.8 demonstrates how it is
done: for the cold temperatures at the larger rectangle, it is calculated each average; with this
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average the AT is calculated for the hot temperatures after 00:00 of February 13th. The next
time water temperature gets cold, the same process is repeated.

x K3

This is only used to calculate the
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Figure 3.8: Idea behind the calculation of the cold temperature and AT.

Figure 3.9 shows the three calculated parameters, for the machine in study: the temperature
variation, the absorbed power, and the absorption response.
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Figure 3.9: Thermal parameters calculated for 1 machine, with a 30-minute stabilization.

3.4 The actuation range

The ACT moves in the perpendicular (Z) direction to keep the drive laser focused on the
droplet. When the DL is switched ON, for at least a few seconds, no EUV is being generated
to allow the optical components to heat up. This heating process results in thermal expansion
of the mirrors that quicky overshoots the DL focus, which requires the Actuator to compen-
sate. Figure 3.10, shows this phenomenon, where there is an apparent difference in compen-
sation between two machines: machine A appears to require a bigger actuation in the -Z di-
rection than machine B.
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Figure 3.10: Example of two machines' Actuator-Z signals, where machine A (left) shows a bigger compensation
than machine B (right).

However, the full picture may not be seen, as the data is gathered minutely, but this com-
pensation occurs very quickly, which may be hiding intermediate data. For example, in ma-
chine B, a lower Actuator-Z position may not be visible. Therefore, to understand the rela-
tionship between back-reflected power and the correction by the Actuator, to study the im-
pact of increasing back-reflections, simply using the Actuator movement signal is not
enough. However, it is possible to indirectly get a signal that informs about the focus correc-
tion itself.

In short, there are two signals that collectively illustrate the ACT compensation:
¢ Actuator-Z, which is the ACT movement in Z; ACT position.
¢ Droplet relative to Actuator, which shows the droplet's position relative to the Actu-

ator-Z position. For every Actuator-Z position there is a correspondent Droplet rela-
tive to Actuator position. In reality, the droplet does not change position.
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Figure 3.11: Example of Actuator-Z and Droplet relative to Actuator signals

The Droplet relative to Actuator signal is only available when there is a detected droplet. For
this reason, the issue with not detecting the real Actuator-Z minimum doesn't exist if these
two signals are summed, because this quick adjustment occurs when structures are still heat-
ing up and no EUV is being generated (no Droplet relative to Actuator signal available). This
sum results in a signal that is a measurement of the focus drift's correction, after the DL focus
overshoot correction, as if the point of view would be looking at the droplet from the FO, in
the DL direction.
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Figure 3.12: Description of the different stages of the actuation process.

Figure 3.12 helps understanding the stages of the ACT correction of the focus drift. As men-
tioned, the focus drift correction starts at the end of stage (1), because this compensation
happens quickly. What happens next is a focus drift due to continuous thermal expansion,
from back-reflections, which causes the DL beam to get more divergent, shifting its focus
down. The third image represents the impact of the slower expanding structures (higher
time constant), which cause a less drastic focus drift.
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Figure 3.13: Example of the Droplet seen by FO signal, where it is seen the correspondent stages from Figure 3.12.

Figure 3.13 shows the obtained Droplet seen by FO signal, which ultimately informs about
the focus drift from the ACT correction of the FO thermal expansions.

3.4.1 Obtaining the FO drift

Dealing with absolute positions is impractical due to variations between machines. There-
fore, it is best to offset it to 0 the Droplet seen by FO signal, to obtain the focus drift from the
FO expansions' compensation, a signal named FO drift.

400

0 . . . . . . . . .
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Figure 3.14: Example of the FO drift signal

This drift is expected to grow with higher back-reflected power, which is related to a bigger
ACT compensation. As EUV power tends to increase, it's crucial to avoid exhausting the ac-
tuation range. The next chapter provides statistical results to understand the impact of back-
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reflections on the FO and find the root cause of the substantial FO drift. This insight guides
efforts to prevent reaching the maximum ACT range.

3.5 Visualizing machine data

The next chapter focuses on the statistical results obtained with the data processed with the
MATLAB tool. This data is mostly shown in violin plots. These plots show the probability
density of the data at different values, smoothed by a kernel density estimator.

As seen in Figure 3.15, they are extremely helpful to visualize differences between data from
the structures' cooling water, with a violin plot for each component's cooling water, in 1 ma-
chine. These plots are read by measuring numeric values of a certain parameter in the verti-
cal axis, and the respective frequency of occurrence for each in the horizontal axis. The dots
help visualizing the median of each plot, which also have two horizontal grey lines, that rep-
resent the first and third quartile.
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Figure 3.15: Violin plots for thermal data statistics for 1 machine

From this machine, some observations can already be stated:

e The M3 shows the highest temperature variation (the absorbed power from M1+M2
is higher because it includes the water flow from these two mirrors summed).

e The biggest absorption response is seen for M3, which means that possibly this struc-
ture is getting more impacted by back reflections, which must be confirmed with a
population of more machines.

e Finally, absorption response data from Housing and ACT, suggest that these two
structures are also getting impacted by back-reflections, otherwise it would be zero
(they don't reflect the drive laser's forward beam).
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3.5.1 Calculating expected machine data in MATLAB

Optical components, that reflect the drive laser beam are designed to achieve a maximum
reflectivity of its wavelength, minimizing the absorbed CO; laser heat loads at the same time.
Because their reflectivity values are specified by manufacturing, the expected absorbed laser
power, from the forward beam, can be calculated. However, instead of having a distribution
of expected absorbed power values, due to the distribution in drive laser power, the median
for the expected absorbed power can be obtained.

Abs.FB PWT(eqian) = median(FBwZ pL power X reflectivity) 9

Laser power x
%O0C1 transm.

Figure 3.16: Schematic of the CO; drive laser power loss after interacting with OC1.

To obtain the theoretical value of the forward beam absorption by the FO components, it
must be considered the successive absorptions by each structure that reflects/transmits the
forward beam. Following Figure 3.16, the forward beam, after being transmitted by OC1, has
less power when it interacts with OC2, since a small percentage of the radiation is absorbed
by OC1. In addition, OC1 itself is also not receiving the entire CO; drive laser power that is
achieved in the power amplifiers, due to the absorption from the beam transport system's
optical components.

Abs.FB Pwrycq (median) = median (FBCOZ pL power X BT S qnsm, X 1- OCltransm.)) (10)

Abs. FB Pwryc, (median) = median (FBCOZ pL power X BTSyansm, X OClyrgnsm. X 1- Ocztransm.)) (11)

However, as it is seen in Figure 3.17, some errors are exacerbated, when only one machine is
being analyzed, which is the case of the OC1 depicted. Here, the theoretical absorption is
higher than the plotted data, which practically would not make sense: what is absorbed by
the structures can only be equal or higher than the absorbed power from the forward beam,
because of additional absorption from back-reflected radiation.

Assuming design values, for the water flow reflection/transmission coefficients, for exam-
ple, can be among the plotting errors, since degradation or slight manufacturing imperfec-
tions result in a diversion from the actual forward beam absorption. Assuming an approxi-
mate and fixed value for the BTS absorption, when the BTS can change from machine to ma-
chine, can also impact the result.

22



: : : : T T 500 T T T -
| g 4001 ' ]
= 300 ]
4t i‘ : 2 i‘
= = -
% £ 2007 ]
= ] £
. 0 @ Abs Power (median
r : ?h‘l;ﬁgrf“;\‘:‘:n:}lT from + ] g 100 Theoretical absorbed 1
CO, DL FB (median) * CO, DL FB power (median) *
: ’ . . . . 0 \ . \ \ . .
oc1 0oc2 M1+M2 M3  Housing ACT 0C1 ocz M1+M2 M3 Housing ACT

F @ Abs Resp (median) + 1
Theoretical absorption response *-

from CO, DL FB {median)

Absorption response (KMW)

0OC1 OoCz M1+M2 M3 Housing ACT

Figure 3.17: Violin plots for thermal data statistics for 1 machine and the theoretical FB effect on the AT, its ab-
sorbed power, and the theoretical FB absorption response

Nevertheless, the large difference between the theoretical FB absorption response of the M3
and the measured data, suggests that this mirror is also impacted by back-reflected heat
loads.
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4

RESULTS

41 MATLAB tool overview

This chapter focuses on the statistical results obtained with the data processed with the
MATLAB tool, where the workflow is described in detail and a summary is depicted in Fig-
ure 4.1.

Data preparation
1. Obtain the thermal

{ \
1 - 1

1

_______________________________ : statistics for 77 S3- ; 1

I \\I 1 MV machines } o H

1 2. Find stable cooling f""‘w‘/“ﬂ " i H

! water temperature £ / T !

1 data 1 I I : : '

: 13 |

! T i o i i <+ 4. Find the root cause !

1] | g 5. Obtain the FO drift | ! 1 . — = | of the slow FO drift '

1 A : : A |

! 1 1 1

1 T |

: : i - :

| l £ |SumssitcieGletes. | | H 2. Find the most |

1 3 » N Il . . 1

| . 4o evmm g | || iMpacted structures in H

Q 1 - > asamscamerosots & o | 1! the FO, and their H
— H 3. Obtain cold water Ton: rrew wwrome | | . . |
~ 1 temperatures 11 correlation with back- \

i 4. Calculate the thermal | | H reflections !

: parameters AT, ! 3. Check for a i

| absorbed power and "y o |

: absorption response : ! F3 correlation between :

| A g R ' H N [ | s | back reflected power

Machine data i = —— ' ! - and FO drift and H
\ )| [ Actuator-Z )

Data analysis

Figure 4.1: MATLAB tool overview with the data analysis steps.

4.2 Thermal data statistics for all machines

Figure 3.17 showed that the absorbed power by M3 has some dispersion. Its exposure to
back-reflections, also means that the more power is being generated, the more power is ab-
sorbed. For one machine, these effects might not be obvious, but for a population of ma-
chines, results get more disperse due to machines operating at varying EUV and DL power.
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Figure 4.2: Violin plots of the thermal parameters for a population of several machines, including the median of
the theoretical values.

As it is seen in Figure 4.2, with population of multiple machines, it's concluded that the three
most impacted structures by back-reflected heat loads, in the FO, are indeed the M3, the
Housing and the ACT, where the evidence of this impact detailed in Figure 4.3. The remain-
ing optics do not show an influence from back-reflected heat loads in their thermal data.

Additional absorption
from back-reflections

Absorption response (K/W)
Absorption response (K/W)

. Housing ACT
M3

Figure 4.3: Explanation of the back-reflections impact evidence

4.3 Correlation between back reflected power and absorbed
power

Given that back reflections impact the M3, the Housing and the ACT, it is predictable that

the more drive laser power, the more power is absorbed. Therefore, it's also important to

understand, not only what structures are impacted by back-reflections, but also how much
they are impacted.
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Figure 4.4: Correlation between DL power and absorbed power on M3 (top left), absorbed back-reflected power
on M3 (top right), absorbed power in Housing (bottom left) and ACT (bottom right) (each color and shape is a
different machine)

Figure 4.4 shows the obtained plots, where the one for M3 also includes the theoretical ab-
sorption of the forward beam line. In the top-right plot, it is seen that a large portion of the
absorbed power by the M3 is coming from back-reflections and correlates with the increasing
CO; laser power. But, if for every machine it is subtracted the theoretical forward beam ab-
sorption, the correlation seems to disappear, at the top-left plot. Two things may be causing
this:

- EUV absorption may be prevailing over CO; back-reflected laser absorption, which is
expected because M3 has a high reflectivity for the drive laser's wavelength but high-
ly absorbs the EUV wavelength, and there is no correlation between EUV and CO:
drive laser power.

- The theoretical forward beam value assuming fixed BTS absorption values and op-
tics' coating absorption coefficients values, that vary from machine to machine. For
this reason, when the absorbed power for every machine is subtracted by the theoret-
ical forward beam absorption, the result can get very different from the expectation.
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4.4 Impact of back reflections in the actuation range

As previously mentioned, the study of the ACT is important, to understand what happens
when there is an increasing back-reflected heat loads. When it comes to increasing FO ther-
mal expansions, which shift the laser focus and need to be compensated by the Actuator,
increasing back-reflections raise the concern regarding the exhaustion of the actuation range,
from continuous focus drift.

4.4.1 Correlation between back-reflected power and actuation range

With the stable statistical data, it is possible to correlate it with the back reflected power.
However, the exact back reflected power is not known, but the power absorbed in Hous-
ing/ACT water is a measurement of back-reflections, since these structures don't reflect the
forward beam. In Figure 4.5, the FO drift and Actuator-Z range are plotted with the back-
reflected power. The Actuator-Z range values are obtained by simply offsetting the mini-
mum Actuator-Z value to 0, for every machine.
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Figure 4.5: Correlation between FO drift and absorbed power in Housing+ACT water (left) and between Actua-
tor-Z range and absorbed power in Housing+ACT water (right) (each shape and color represent one machine).

The correlation between the FO drift and the absorbed back-reflection is clear, which means
that the focus is expected to continuously drift from the FO thermal expansions. This FO
drift is directly related to the Actuator-Z range, which even though it is a signal that is not
practical for this research, as explained in section 3.5, still shows individual correlations with
increasing back-reflections, corroborate with Machine A, which is a different machine with
higher back-reflection levels. Thus, higher back-reflections will implicate a higher actuation
range.

4.5 Contributors to the FO drift

The study of the thermo-mechanical stability of the FO is now focused on the impact that the
FO structure' thermal expansion has on the actuation range, more specifically, which struc-
ture is possibly contributing the most for the actuator’s correction. As it is known, the struc-
tures in the FO do not expand uniformly because they are impacted differently by back-
reflections and have different water-cooling systems that increase their stabilization. Know-
ing the biggest contributor helps in the intervention in case of large actuation ranges or in
preventing an actuation range limit.
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4.5.1 FO drift and raw temperatures

The similarity between the FO drift and the FO structures' cooling water raw temperatures,
shown in Figure 4.6, demonstrates that the focus is drifting and being corrected by the ACT,
according to the structures' expansions (raw temperature increase). Given the fact that the
optics stabilize quickly, and the Housing and ACT require a longer period to stabilize, the
FO drift appears in two stages:

e Fast drift: The optics quickly absorbs the heat loads; both optical and non-optical
structures are expanding.
e Slow drift: Optical components have stabilized, while Housing and ACT keep in-
creasing its temperature which contributes for the slower part of the FO drift.
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Figure 4.6: Comparison between FO drift and raw temperatures

4.5.2 Contribution of fast and slow expanding structures

With the previous reasoning, the FO drift can be divided into two exponential-like curves
that, in different proportions, contribute to the final FO drift. In Figure 4.7, it’s presented an
example made with an online graphing calculator, Desmos, to show how this would work:
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Figure 4.7: Representation of the FO drift signal, as a sum of two curves with a and b contribution (top), represen-
tation of the FO drift signal if a contribution was 100%, with a time constant of 1/g =1 min (bottom right), repre-
sentation of the FO drift signal if b contribution was 100%, with a time constant of 1/ = 12.5 min (bottom left).

In Figure 4.7, it is shown a model for the FO drift curve in red, and the fast and slow struc-
tures, in green and blue, respectively, that when summed in certain weights, results in the
FO drift. The curves are of the type:

y=(c—-d)-e V" *4+d (12)

Where c is the starting v, d is the final y, and 7, the time constant, which will be different for
the fast and slow curves. Since the y axis represents the FO drift (in the Z direction), the
equation 12 can be rewritten as equation 13:

(Z; — Zo)e™ v % 4+ 7, (13)

Where both curves share the same Z; (starting drift) and Z,, (ending rift), and their propor-
tion determines their contribution to the total FO drift. However, the time constants differen-
tiate them: the fast drift curve has a lower time constant compared to the slow drift curve.
The FO curve model is written as:

i _1/‘[ “x _1/ ‘x
FO dT'lft =A (Zl — Zoo)e fast “ + 7.1+ B (Zl - Zoo)e Tstow * 4+ Z (14)

Where A and B are the contribution of the fast and slow drift respectively, and are such that:
A+B=1

If A=0.2 and B = 0.8, the green and blue curve look like those in Figure 4.8, which when
summed they follow the FO drift curve.
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Figure 4.8: Representation of the FO drift curve model (red), as a sum of a fast drift curve with a = 20% of contri-
bution (bottom right), with a time constant of 1/g = 1 minute, and a slow drift curve with a b =80% contribution
(bottom left), with a time constant of 1/# = 12.5 minutes.

Figure 4.8 helped visualizing the experimental FO drift as a sum of two exponentials with
different time constants. The slow drift curve can, however, still be separated in another two
curves, with the goal of understanding the difference in contribution between the Housing
and ACT.

4.5.3 Contribution of the Housing and Actuation System

The slowest part of the FO drift is coming from a combination of the Housing and ACT
thermal expansion, and therefore, the goal is to distinguish the structures that are most im-
pactful for the FO drift. Knowing the fast and slow curves’ contribution, this information can
be used to separate the slow curve in two, and fit equation 15 in the FO drift curve:

1 .
FO drift = A ((zi — Zy)e [trast* 4 Zoo) +

_1 . _1 .
B (c ((Zl- —Z)e ™ /tHous ¥ 4 Zoo) +D ((zi —Z)e [tacr* 4 zoo)) (15)
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Figure 4.9: Representation of the FO drift curve (red), as a sum of the fast drift curve (green), with a 20% contribu-
tion, the Housing curve (yellow) with an 80%*30% (B*C) contribution, and the ACT curve (blue), with an
80%*70% contribution

In Figure 4.9 it is now represented how these curves look like individually, with their own
proportion, and their sum, which follows well the FO drift curve (in red). In this specific case
the green curve corresponds to the fast drift curve, with A = 0.2, the yellow curve corre-
sponds to the contribution of the Housing, with B = 0.8 and € = 0.3, and the blue curve cor-
responds to the ACT, with D = 0.7.
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4.5.4 Results of the contributors to the FO drift

Following the method previously described, the first step is to find the fast and slow curves
and their weights (A and B, in equation 14). Equation 14 is fitted to the FO drift data, with Z;
and Z, from the data points and restricting 7r,s; with the time constants of mirrors and
windows, and 7g,,, with the time constants of the Housing and ACT.

The fittings of the raw temperatures and FO drift, for all machines, can be found in the Ap-
pendix A, but it is shown an example of Machine 1, to demonstrate the fitting process. Curve
Fitter in MATLAB was used to obtain the time constants of W10 and M3, to represent win-
dows and mirrors, and of the Housing and ACT. The process of finding undisturbed data or
“perfect” curves can be tedious due to the variations of EUV power, which affects the raw
temperature data.
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Figure 4.10: Fitting of temperature data of OC1 (top left), M3 (top right), Housing (bottom left) and ACT (bottom
right) water temperatures, to find their respective time constants.

Table 4.1 summarizes the time constants obtained by the exponential fitting of W10, M3,
Housing and ACT raw temperatures data, of 8 machines. The time constants for W10, M3,
are used to restrict the 77,5 (Trqsc boundary), for the FO drift data fitting, and the time con-
stants for Housing and ACT, are used to restrict the 744, (T5;0 boundary).
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Table 4.1: T¢,5¢ and 140w boundary restrictions

t0C ™ T Housing TACT
(min) (min) (min) (min)
1 0.77 0.78 2.96 10.94
2 0.79 1.61 5.11 16.92
3 0.60 1.35 - 13.64
4 1.11 1.65 3.92 14.88
5 0.73 1.24 11.60 20.60
6 0.65 0.94 3.24 11.03
7 0.75 1.05 3.87 12.21
8 1.39 1.90 4.54 11.76
0.85 1.31 5.04 14
0.27 0.39 2.98 34

It is observed that the Housing is the structure with the highest standard deviation com-
pared to the mean value. In fact, the Housing is the most sensible structure to EUV, which
becomes an added difficulty in the fitting process. On top of not having stable EUV signals,
the time constants obtained for the Housing are prone to more variation.

Using machine 1 as an example and fitting the FO drift data points in the equation 14, the
approximate values of fast drift contribution and slow drift contribution are found, as shown
in Figure 4.11.
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Figure 4.11: FO drift of machine 1 and respective fitting curve with a 36.25% fast drift contribution and a 65.21%
slow drift contribution.

Repeating the same process for the 8 machines in study, Table 4.2 reveals a contribution of,
on average, 30% for the fast drift, with a standard deviation of 11%, and a contribution of, on
average, 70% for the slow drift, with a standard deviation of 11%. Variations of EUV are the
main source of errors for these fittings, which is why the fast and slow drift contributions can
vary from machine to machine.
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Table 4.2: Obtained T, and T4y Values and contributions of the fast and slow drift.

T fast (min) % fast T slow (min) % slow
1 0.78 36.3% 9.91 65.2%
2 1.45 21.8% 14.29 79.9%
3 0.88 25.1% 11.11 75.6%
4 1.65 27.0% 13.06 73.6%
5 1.24 34.3% 17.65 66.3%
6 0.94 39.2% 8.12 61.1%
7 1.05 12.5% 9.09 87.8%
8 1.25 48.2% 10.71 51.4%
1.1 30% 11.7 70%
0.30 11% 3.12 11%

The next step utilizes the obtained fast and slow drift contributions to find the contributions
of the Housing and ACT thermal expansion to the FO drift (C and D, in equation 15), using
the previously obtained 744y, Tacr-
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Figure 4.12: FO drift of machine 1 and respective fitting curve with a 36% fast drift contribution, 13% for the hous-
ing expansion contribution, and 56% for the ACT expansion contribution.

In Table 4.3, there can be found the results for this fitting, suggesting that the ACT’s thermal
expansion is responsible for, on average, 56% of the FO drift, with a standard deviation of
16%, stated in Table 4.4. In other words, the results suggest that the ACT’s thermal expan-
sion is contribution for most of the actuator’s correction of the FO drift.

Table 4.3: Obtained contributions of the Housing
and ACT for the slow drift.

%Housing | % ACT Table 4.4: Average of the overall contributions of

1 19.0% 83.9% every expansion for the FO drift.
2 12.1% 87.4%
3 12.3% 86.9% Average con- Standard
4 15.3% 85.8% tribution, p Deviation, o
5 28.0% 73.5% Optics (fast drift) 30% 11%
6 39.2% 68.6% Housing 14% 15%
7 34.7% 68.1% ACT 56% 16%
8 22.4% 82.7%

23% 80%

10% 8%
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The values obtained from Table 4.2 and Table 4.4 are combined to form the final diagram in
Figure 4.13, where all the contributions can be better compared and visualized. In this dia-
gram, it is clearly seen the ACT's impact in comparison to the remaining structures.

® Housing

py

= Fast drift m Slow drift

Figure 4.13: Diagram representing each contribution for the FO drift, which impacts the actuation range

However, some inaccuracies may emerge from this method, which is the case of using time
constants that are not exactly the time constants of the structures’ cooling water, because
there is never a case of non-varying EUV power. Using these time constants to fit other data
points that are also not perfect curves result in an accumulating of errors that are seen in the
SSE or RMSE values.

Regardless, between themselves, the values of the Housing and ACT contributions for the
slow drift are consistent and reveal a first step to find the root cause for the actuator’s range.
More research shall be done to confirm this result, given the fact that this could not be the
perfect approach. FEM simulations are necessary to corroborate the contributions of each
structure obtained to the actuation range.
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‘ 5
CONCLUSION AND FUTURE WORK

5.1 Conclusions

The trend to increase EUV power in lithography machines implied a profound study of the
impact back-reflected heat loads have on the thermo-mechanics of the components in the
Focusing Optics. This meant quantifying back-reflections in the FO and correlating with the
actuation range, which corrects for thermal expansions. In this regard, a MATLAB script that
processes raw machine data, (return water temperatures and Actuator displacement), to cal-
culate the heat loads towards FU structures and actuation range, was successfully created. Its
main features are:

e Obtains only stable water temperature values from raw water temperature data sets,
meaning that it removes nonstable data that is not useful for statistics.

e Obtains cold water temperatures, needed to calculate minutely thermal parameters nec-
essary for this study: AT, absorbed power and absorption response, instead of the availa-
ble hourly KPIs.

e Calculates the magnitude of the FO drift, that is corrected by the ACT.

With this data, it was possible to plot a population of multiple machines for the AT, absorbed
power, absorption response, for a population of multiple machines. It was concluded that the
M3, the Housing and the ACT are the most impacted by back-reflected heat loads. From the
statistical analysis of data, it was mainly concluded that:

e Comparison shows that the M3 is impacted by back-reflected heat loads. The M1 and M2
don’t present a significant impact from back-reflected heat loads.

e The Housing and ACT are also impacted by back-reflected heat loads, due the fact that
they do not reflect the forward beam but have a non-zero absorption response.

e Absorbed power in M3, Housing and ACT correlate with the CO, drive laser power,
however it was not possible to find a correlation between absorbed back-reflected power
by M3 (absorbed power minus absorbed power from forward beam) due to errors calcu-
lating absorbed power from forward beam (these errors interfere with the already low
correlation with CO; laser power, due to the high reflectivity of M3).

It was concluded that the FO drift has a strong correlation with back-reflected power (any
power absorbed by Housing+ACT water is, in principle, from back-reflections). The Actua-
tor-Z range also showed a correlation with back-reflected power which was confirmed with
the Machine A (which is a system with higher back-reflected heat loads).

It was performed a study to find the FO structure that contributes the most for the FO drift,
through each structure’s time constant and comparison with FO drift signal:
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It was found that the FO drift is composed of at least a sum of a curve for the fast drift
(optical components), with a 30% contribution, and a curve for slow drift (Housing and
ACT), with a 70% contribution.

The Housing has a contribution of 23% for the slow drift, while the ACT has a contribu-
tion of 80%. This suggested that the ACT's thermal expansion has the biggest impact in
the overall FO drift, with a contribution of, on average 56%. With this result, the ACT
was found to be the possible root cause for the actuation range that corrects the FO drift
(while the results show apparent evidence, this needs to be confirmed by FEM simula-
tions).

The method used is still prone to inaccuracies, that are visible in the SSE or RMSE values
from the FO drift fitting. The variations in EUV result in fitting errors that accumulate
with the use of results from successive fittings.

Despite the limitations, this investigation was a step forward in the research to find the main
root cause for the actuator's range, as well as a successful contribution for providing statisti-
cal thermal and actuation data, for the FO, for a population of multiple machines and a
MATLAB script capable of extending this research to either more water-cooled components
or different machines. The manufacturer is now aware of the influence and possible out-
comes that may emerge from increasing back-reflections, in the thermo-mechanics of the FO.

5.2 Future work

The created MATLAB script can be extended to the BTS and other modules and provide
statistical thermal data and a complete detailed thermal description of all water-cooled
components.

The method used to find the main contributor to the FO drift allowed cumulative errors
that began in fittings to find the time constants of W10, M3, Housing and ACT. The tem-
perature curves can be extremely sensitive to EUV variations, which results in some er-
rors. This is also the case for the FO drift curve fitting. For better results, tests with non-
varying EUV, for at least 120 minutes after switching ON the drive laser, shall be gener-
ated, which has not yet been found in any machine, with decent search.

For a better understanding of the main contribution for the FO drift, a FEM simulation
shall be performed to confirm the results of this investigation and provide more in-depth
knowledge of the interaction between the FO drift and ACT correction.

Drive laser astigmatism (ast) is thought to likely increase with power, therefore a statisti-
cal study with a population of multiple machines for astigmatism and a subsequent cor-
relation study between atigmatism and EUV /CO; drive laser power shall be introduced,
to investigate the consequences for increasing power and ways of compensation. The
MATLAB code is ready to be adapted for this parameter.

37






[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[%]

6

REFERENCES

Q. Wu, Y. Li, and Y. Zhao, “The Evolution of Photolithography Technology, Process
Standards, and Future Outlook,” 2020 IEEE 15th International Conference on Solid-State
and Integrated Circuit Technology, ICSICT 2020 - Proceedings, Nov. 2020, doi:
10.1109/1CSICT49897.2020.9278164.

I. Fomenkov et al., “Light sources for high-volume manufacturing EUV lithography:
Technology, performance, and power scaling,” Advanced Optical Technologies, vol. 6,
no. 3-4, PP 173-186, Jun. 2017, doi: 10.1515/ AOT-2017-
0029/ MACHINEREADABLECITATION/RIS.

T. Tomie, “Tin laser-produced plasma as the light source for extreme ultraviolet li-
thography high-volume manufacturing: history, ideal plasma, present status, and pro-
spects,” Journal of Micro/Nanolithography, MEMS, and MOEMS, vol. 11, no. 2, pp.
021109-1, May 2012, doi: 10.1117/1.JMM.11.2.021109.

P. Giesen and E. Folgering, “Design guidelines for thermal stability in optomechanical
instruments,” Optomechanics 2003, p. 126, Oct. 2003, doi: 10.1117/12.510285.

Q. Wu, Y. Li, and Y. Zhao, “The Evolution of Photolithography Technology, Process
Standards, and Future Outlook,” 2020 IEEE 15th International Conference on Solid-State
and Integrated Circuit Technology, ICSICT 2020 - Proceedings, Nov. 2020, doi:
10.1109/1CSICT49897.2020.9278164.

“’We underestimated the demand for DUV’ - Bits&Chips.” Accessed: Sep. 27, 2023.
[Online]. Available: https:/ /bits-chips.nl/artikel/we-underestimated-the-demand-
for-duv/

V. Bakshi, H. Mizoguchi, T. Liang, A. Grenville, J. Benschop, and " Euv, “Special Sec-
tion Guest Editorial: EUV Lithography for the 3-nm Node and Beyond,”
httpsy//doi.org/10.1117/1.JMM.16.4.041001, vol. 16, no. 4, Dec. 2017, doi:
10.1117/1.JMM.16.4.041001.

M. A. van de Kerkhof, J. P. H. Benschop, and V. Y. Banine, “Lithography for now and
the future,” Solid State Electron, vol. 155, pp. 20-26, May 2019, doi:
10.1016/].SSE.2019.03.006.

Institute of Electrical and Electronics Engineers. and Optical Society of America., “Ex-
cimer laser lithography,” Conference on Lasers and Electro-Optics (1987), paper THN1, p.
THN1, Apr. 1987, Accessed: Sep. 27, 2023. [Online].  Available:
https:/ /opg.optica.org/abstract.cfm?uri=CLEO-1987-THN1

39



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

H. Jinbo and Y. Yamashita, “0.2 pm or less i-line lithography by phase-shifting-mask
technology,” Tech Dig Int Electron Devices Meet, pp. 825-828, Dec. 1990, doi:
10.1109/IEDM.1990.237035.

R. W. McCleary et al., “Performance Of A KrF Excimer Laser Stepper,”
https://doi.org/10.1117/12.968437, vol. 2, pp. 396-399, Jan. 1988, doi: 10.1117/12.968437.

J. Song, C. H. Kim, and G. W. Lee, “A Study on the Resolution and Depth of Focus of
ArF Immersion Photolithography,” Micromachines 2022, Vol. 13, Page 1971, vol. 13, no.
11, p. 1971, Nov. 2022, doi: 10.3390/MI13111971.

A. C. Tung and H. Wan, “Organisational Investment: The Case of ASML —Can the
Product Make the Producer?,” https.//doi.org/10.1177/00157325221127606, vol. 58, no. 1,
pp. 176-191, Oct. 2022, doi: 10.1177/00157325221127606.

Y. Nishimura et al., “Key technology development progress of the high power LPP-
EUV light source,” https;//doi.org/10.1117/12.2612778, vol. 12051, pp. 241-255, May
2022, doi: 10.1117/12.2612778.

H. M. Saavedra et al., “Microdroplet-tin plasma sources of EUV radiation driven by
solid-state-lasers (Topical Review),” Journal of Optics, vol. 24, no. 5, p. 054014, Apr.
2022, doi: 10.1088/2040-8986/ AC5A7E.

I. Fomenkov, “EUV Source for High Volume Manufacturing: Performance at 250 W
and Key Technologies for Power Scaling,” 2017.

H. Mizoguchi, H. Nakarai, Y. Usami, K. Kakizaki, J. Fujimoto, and T. Saitou, “High-
power LPP-EUYV source for semiconductor HVM: lithography and other applications,”
https://doi.org/10.1117/12.2657787, vol. 12292, pp. 255-260, Dec. 2022, doi:
10.1117/12.2657787.

D.-K. Yang et al., “The development of laser-produced plasma EUV light source,”
Chip, vol. 1, no. 3, p. 100019, Sep. 2022, doi: 10.1016/]J.CHIP.2022.100019.

A. A. Schafgans et al., “Performance optimization of MOPA pre-pulse LPP light
source,” https;//doi.org/10.1117/12.2087421, vol. 9422, pp. 56-66, Mar. 2015, doi:
10.1117/12.2087421.

I. Fomenkov et al., “Light sources for high-volume manufacturing EUV lithography:
Technology, performance, and power scaling,” Advanced Optical Technologies, vol. 6,
no. 3-4, PP- 173-186, Jun. 2017, doi: 10.1515/ AOT-2017-
0029/ MACHINEREADABLECITATION/RIS.

M. A. van de Kerkhof et al., “High-power EUV lithography: spectral purity and imag-
ing performance,” https;//doi.org/10.1117/1.JMM.19.3.033801, vol. 19, no. 3, p. 033801,
Sep. 2020, doi: 10.1117/1.JMM.19.3.033801.

K. D. Closser, D. F. Ogletree, P. Naulleau, and D. Prendergast, “The importance of
inner-shell electronic structure for enhancing the EUV absorption of photoresist mate-
rials,”  Journal of Chemical Physics, vol. 146, no. 16, Apr. 2017, doi:
10.1063/1.4981815/13577582/164106_1_ACCEPTED_MANUSCRIPT.PDEF.

A. Dolgov et al., “Extreme ultraviolet (EUV) source and ultra-high vacuum chamber
for studying EUV-induced processes,” Plasma Sources Sci Technol, vol. 24, no. 3, p.
035003, Apr. 2015, doi: 10.1088/0963-0252/24/3 /035003.

40



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

E. Louis et al., “Progress in Mo/Si multilayer coating technology for EUVL optics,”
https://doi.org/10.1117/12.390077, ~vol. 3997, pp. 406-411, Jul. 2000, doi:
10.1117/12.390077.

J. Bosgra et al., “Structural properties of subnanometer thick Y layers in extreme ultra-
violet multilayer mirrors,” Applied Optics, Vol. 51, Issue 36, pp. 8541-8548, vol. 51, no.
36, pp. 8541-8548, Dec. 2012, doi: 10.1364/ A0.51.008541.

“EUV lithography systems - Products | ASML.” Accessed: Sep. 27, 2023. [Online].
Available: https://www.asml.com/en/products/euv-lithography-systems

D. C. Brandt et al, “LPP EUV source development for HVM,”
https;//doi.org/10.1117/12.713279, vol. 6517, pp. 230-239, Mar. 2007, doi:
10.1117/12.713279.

A. Bajard, O. Aubreton, G. Eren, P. Sallamand, and F. Truchetet, “3D digitization of
metallic specular surfaces using scanning from heating approach,”
https//doi.org/10.1117/12.872467, vol. 4, pp. 373-379, Jan. 2011, doi: 10.1117/12.872467.

E. P. Incropera, D. P. DeWitt, T. L. Bergman, and A. S. Lavine, Fundamentals of Heat and
Mass Transfer. Sixth Edition. 2011.

M. F. Ashby, “Material and Process Seleciton Charts for Engineering Design,” The CES
EduPack Resource Booklet 2, p. 42, 2010.

Bela G. Liptak, Instrument Engineers” Handbook, Fourth Edition, Volume One: Process
Measurement and Analysis, vol. 1. CRC Press, 2003.

K. Smith and P. Holroyd, Engineering Principles for Electrical Technicians: The Common-
wealth and International Library: Electrical Engineering Division, 1st ed., vol. 1. Pergamon,
2013.

The Engineering ToolBox, “Solids, Liquids and Gases - Thermal Conductivities.” Ac-
cessed: Sep. 27, 2023. [Online]. Available:
https:/ /www .engineeringtoolbox.com/thermal-conductivity-d_429.html

The Engineering ToolBox, “Metals - Specific Heats.” Accessed: Sep. 27, 2023. [Online].
Available: https:/ /www.engineeringtoolbox.com/specific-heat-metals-d_152.html

The Engineering ToolBox, “Piping Materials - Temperature Expansion Coefficients.”
Accessed: Sep. 27, 2023. [Online]. Available:
https:/ /www.engineeringtoolbox.com/ pipes-temperature-expansion-coefficients-
d_48.html

F. Incropera, D. DeWitt, T. Bergman, and A. Lavine, Fundamentals of Heat and Mass
Transfer. Sixth Edition. 2011.

J. M. Lourencgo, “The NOV Athesis LATEX Template User’'s Manual. NOVA University
Lisbon.” [Online]. Available:
https:/ / github.com/joaomlourenco/novathesis_word/raw/master/novathesis_wor
d-FINAL-EN.pdf

41



‘ A

APPENDIX

A.1 Curve fitting characterization for machines 2-8
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Figure 6.1: Fitting of water temperature data of OCl,
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Figure 6.8: Fitting of water temperature data of M3,
and respective fitting parameters, for machine 3
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Figure 6.10: Fitting of the FO drift to get the comtribu-

Figure 6.11: Fitting of the FO drift to obtain the contri-
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Figure 6.12: Fitting of water temperature data of OCI,
and respective fitting parameters, for machine 4
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Figure 6.14: Fitting of water temperature data of Hou-
sing, and respective fitting parameters, for machine 4
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Figure 6.16: Fitting of the FO drift to get the comtribu-
tions of fast and slow drift for the machine 4
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Figure 6.13: Fitting of water temperature data of M3,
and respective fitting parameters, for machine 4
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Figure 6.15: Fitting of water temperature data of ACT,
and respective fitting parameters, for machine 4
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Figure 6.17: Fitting of the FO drift to obtain the contri-
butions of Housing and ACT expansion, for machine 4
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Figure 6.20: Fitting of water temperature data of Hou-
sing, and respective fitting parameters, for machine 5
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Figure 6.19: Fitting of water temperature data of M3,
and respective fitting parameters, for machine 5
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Figure 6.21: Fitting of water temperature data of ACT,
and respective fitting parameters, for machine 5
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Figure 6.23: Fitting of the FO drift to obtain the contri-
butions of Housing and ACT expansion, for machine 5
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Figure 6.24: Fitting of water temperature data of OCI,

and respective fitting parameters, for machine 6
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Figure 6.26: Fitting of water temperature data of Hou-
sing, and respective fitting parameters, for machine 6
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Figure 6.28: Fitting of the FO drift to get the comtribu-
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Figure 6.25: Fitting of water temperature data of M3,
and respective fitting parameters, for machine 6
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Figure 6.27: Fitting of water temperature data of ACT,
and respective fitting parameters, for machine 6

x X
400 - * B g P
J xf& LY x
E 50
O
L -500 -
.B' % Droplet seen by FO)
& -550
] 0.392*((-685-(-405))"exp(-1.066"x)-405)+
_“1 0.6111*(0.3593*((-685-(-405))*exp(-0.3082*x)-405)+
%.500 0.6864*((-685-(-405))*exp(-0.09068*x)-405))
S — Goodness of fit:
a SSE: 1.067e+04
-650 R-square: 0.9423
Ajusted R-square: 0.9404
RMSE: 10.77
-700 . T T i T
0 20 40 60 80 100
Time (min)

Figure 6.29: Fitting of the FO drift to obtain the contri-
butions of Housing and ACT expansion, for machine 6
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. . . . . ! . =T T T T
X
2281 % K . PEG T e R
>f 5 - K K . 231 X x x
| ! x
227+ ‘\ E 229 | « 7
Q | Q | %
< | = L % o
2281 |
o o
5 226 Jf 1 = ‘\
“é’ ‘@ 227 1
Il Tl
g 225 _‘ % OCT water temperature i g 2261 | % M3 water temperature
B o4l (22.22-22.78)"exp(-1.335*x)+22.78 | | g 2257 ‘ (22.2-23.03) exp(-0.95)+23.03 |
g ' ‘ Goodness of fit: S Goodness of fit:
SSE: 0.01275 = 2241 ‘ Sob- 004349 f
223 ,‘ R.-square: 0.9626 i 223l R-square: 0.7734 I
Ajusted R-square: 0.9612 ’ } Ajusted R-square: 0.7688
) 20 40 60 80 100 0 20 40 60 80 100
Time (min) Time (min)

Figure 6.30: Fitting of water temperature data of OCl,

and respective fitting parameters, for machine 7
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Figure 6.31: Fitting of water temperature data of M3,

and respective fitting parameters, for machine 7

Figure 6.32: Fitting of water temperature data of Hou-
sing, and respective fitting parameters, for machine 7

Figure 6.33: Fitting of water temperature data of ACT,
and respective fitting parameters, for machine 7
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Figure 6.34: Fitting of the FO drift to get the comtribu-

tions of fast and slow drift for the machine 7
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Figure 6.35: Fitting of the FO drift to obtain the contri-
butions of Housing and ACT expansion, for machine 7
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Figure 6.36: Fitting of water temperature data of OCl,
and respective fitting parameters, for machine 8
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Figure 6.38: Fitting of water temperature data of Hou-

sing, and respective fitting parameters, for machine 8
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Figure 6.40: Fitting of the FO drift to get the comtribu-
tions of fast and slow drift for the machine 8
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Figure 6.37: Fitting of water temperature data of M3,
and respective fitting parameters, for machine 8
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Figure 6.39: Fitting of water temperature data of ACT,
and respective fitting parameters, for machine 8
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Figure 6.41: Fitting of the FO drift to obtain the contri-
butions of Housing and ACT expansion, for machine 8
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