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Introduction

The invention of the transistor in 1947 [1] was one of the most significant inventions of
the 20th century, for which a Nobel prize in physics was awarded to Shockley, Bardeen
and Brattain in 1956. Transistors are embedded into integrated circuits that form the
basis of nearly all electronic equipment that we use every day, such as mobile phones,
computers, cars, laundry machines, and other household equipment. The Apollo guidance
computer, responsible for landing the first men on the moon in 1969, had a random access
memory (RAM) of just 4 kilobytes and a read only memory (ROM) of 72 kilobytes [2].
A typical mobile phone nowadays has several gigabytes of RAM and tens of gigabytes
of ROM. This considerable progress was made possible by the systematic shrinking of
the transistor due to technological progress. Gordon Moore, one of the founders of the
Intel corporation, predicted in 1965 that the amount of transistors on an affordable chip
would double roughly every year [3]. This trend was revised in 1975, by Moore, to a
doubling every two years [4]. This trend became known as Moore’s law and it is seen as
a driving force for progress in the semiconductor industry. To this day, Moore’s law has
been maintained despite numerous predictions of that it would end.

The economics of Moore’s law tends to be favorable to both consumers and produc-
ers of semiconductor products. The customer is able to buy more powerful hardware at
a lower price than previous generations, while semiconductor manufacturers are able to
sell more transistors, as innovations often need more computing power at a manageable
energy consumption. Microelectronic devices are manufactured using a repetitive process
in which thin layers of functional material are deposited onto a silicon wafer, patterned,
and etched using a chemical process. Photolithography is the step in which patterns are
imprinted on a photosensitive layer using light and is one of the most costly processing
steps in the manufacturing of chips. As the transistor density increases the costs of lithog-
raphy per pixel, here defined as the feature size squared, is a relevant economical figure
of merit [5]. Fig. I.1 shows the time evolution of the cost per pixel for several generations
of lithography machines from the Dutch lithography tool manufacturer ASML [6], sorted
by the operating wavelength of the light source and the wafer size. The figure shows that
the cost per pixel decreases at a similar, inverted rate as given by Moore’s law. Shorter
wavelengths enable smaller features to be patterned onto the photoresist layer, with the
wavelength-dependent Rayleigh’s resolving criterion being the limiting factor in obtain-
ing smaller features. This criterion is directly related to the minimum reachable feature
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FIGURE I.1: Relative cost per pixel over time, sorted by different generations of photolithography
machines produced by ASML as well as by wafer size. Here, a pixel is defined as the feature size
squared. The generations are sorted by the wavelength of the light source used. Figure reproduced
from data contained in Ref. [6].

size, commonly referred to as the critical dimension (CD):

CD = k1 ·
λ

NA
, (1)

with k1 a constant related to the specifics of the lithography process, λ the wavelength of
the light used, and NA the numerical aperture of the optical system. Each new generation
of lithography machines typically employs shorter wavelengths in order to reach smaller
feature sizes. Besides the wavelength, the numerical aperture can be increased to increase
resolution. In the latest generation of lithography machines using a wavelength of 193 nm
(indicated with 193i in Fig. I.1), a layer of water is included between the imaging optics
and the wafer which increases the numerical aperture as the refractive index of water
is higher than air. The relative cost of lithography is seen to increase after about 2010
as other methods, such as multiple patterning, are used to achieve further shrinking of
feature sizes well below the lithography wavelength. Production costs are driven up due
to the complexity and amount of processing steps needed for multiple patterning. To
combat this cost increase, see Fig. I.1, and enable further shrinking of feature size, extreme
ultraviolet lithography at a wavelength of 13.5 nm is currently being introduced in high-
volume manufacturing.
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The industrial development of a lithography tool based on extreme ultraviolet (EUV)
light took several decades, mostly due to the complexity of the light source and the re-
quired mirrors [7, 8]. This industrial development went hand in hand with tremendous
academic research efforts [8–24]. EUV light is absorbed by almost any medium, in-
cluding air, setting the need for Bragg reflections in order to guide the light through the
system. Multilayer mirrors act as Bragg reflectors, consisting of a stack of alternating
layers of molybdenum and silicon. These mirrors have a record reflectivity of about 70%,
but only within a narrow 2% bandwidth around 13.5 nm [25]. Light emitted in this range
is commonly referred to as ‘in-band’ emission. State-of-the-art lithography machines use
a droplet-based laser-produced plasma that brightly emits EUV light within the required
wavelength range.

The laser-produced plasma is generated by illuminating a Sn droplet with a high-
intensity laser pulse. For optimum laser-matter interaction, the target geometry can be
changed into, e.g., a disk shape or a droplet mist, by using a so-called pre-pulse. The
pre-pulse provides a kinetic push to the droplet, where fluid motion causes the geometri-
cal change [26–29]. After the pre-pulse, a main pulse is applied to turn the target into
a hot and dense plasma. The energy of the laser pulse is absorbed by means of in-
verse bremsstrahlung up to a laser-wavelength-dependent critical electron density [30].
The plasma electron density and temperature quickly increases to 1019–1021 e−cm−3 and
around 10–100 eV, respectively, which enables efficient production of EUV light [31]. In
industrial applications, pulsed CO2 lasers with a wavelength of 10.6µm are used because
of their ability to operate at high intensities and high repetition rates. In our research
we utilize a solid-state Nd:YAG laser with a wavelength of 1.064µm. This change in
drive laser wavelength has several consequences, one of which is that the pulse penetrates
deeper into the plasma due to the higher critical density, and additionally opacity effects
broaden the spectral feature at 13.5 nm [32–34]. There are however several benefits to
using a solid-state laser, such as a smaller footprint and a better wall-plug efficiency [23].
The produced plasma is highly dependent on the laser wavelength, pulse length, spatial
and temporal profiles, and other factors, such as the way in which the target is deformed
by the pre-pulse. These factors influence the time-evolution of the plasma density and
temperature and therefore the emitted spectrum. One can adjust all plasma parameters,
but fully independent of all other plasma parameters is the underlying atomic structure
of the highly charged ions that determines the transition wavelengths at which EUV ra-
diation can be emitted. Understanding the atomic structure of highly charged Sn ions is
therefore vital for improving the performance of such sources.
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FIGURE I.2: Spectral intensity map of Sn ions constructed from measurements taken at an electron-
beam ion trap facility at the Max-Planck-Institut für Kernphysik in Heidelberg, Germany. The upper
graph shows emission from 4p–4d and 4d–4 f transitions in Sn11+–Sn16+ (see Chapter 1 for further
details. The lower graph shows emission features from the same transition arrays in Sn4+–Sn10+.
In Chapter 2 an investigation is performed on the emission features found in this spectral range for
diagnostics of laser-produced plasma sources.

The atomic structure of Sn ions can be investigated by various means, such as: laser-
produced plasmas [35], vacuum spark discharges [36], charge-exchange recombination
spectroscopy [20, 21, 37], and electron-beam ion traps [38–40]. The light that is emitted
in the vicinity of 13.5 nm manifests itself in so-called unresolved transition arrays (UTAs)
originating from adjacent states. These transition arrays are unresolved due to the very
high numbers of transitions possible in the open-4d subshells of the ions considered. The
transition arrays 4p64dm–4p54dm+1 and 4p64dm–4p64dm−14 f (m = 6–0) in Sn8+ to Sn14+

are known for their bright emission around 13.5 nm [8–19, 21, 24]. The overlap of these
UTAs within a small band around 13.5 nm makes Sn an ideal atomic light source. Plasma
diagnostics are however hampered by this atomic serendipity. Spectroscopic results pre-
sented in this thesis identify, for the first time, emission features from Sn15+ contributing
to the 2% bandwidth around 13.5 nm. Recently it was found that emission from multiply-
excited states also contribute to the in-band emission [35].
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Diagnostics of the plasma by analyzing EUV light emission is made viable by observ-
ing so-called out-of-band radiation, outside of the 2% bandwidth around 13.5 nm. On the
short wavelength side, between 7 and 12 nm, spectral features from different transition
arrays belonging to the same ions as those which emit in-band radiation (Sn8+–Sn14+) are
found [9, 15, 22, 23]. In the longer wavelength range, between 14 and 20 nm, spectral
features belonging to Sn4+–Sn11+ are readily identified. These features, obtained from
charge-state-resolved spectroscopy in an electron-beam ion trap, are shown in Fig. I.2.

Spectral measurements in the optical regime are relatively straightforward to perform
as light can be observed through a viewport in a vacuum system and standard optics can
be used. Lowly ionized charge states, from neutral tin to Sn3+, emit light in the optical
range. Their optical lines emerge when the hot and dense plasma is in the cooling-down
phase as the plasma expands and recombines. Space- and time-resolved measurements
give insights into the temperature and density decrease of the expanding plasma [41–
43]. Spectral line broadening and shifting from the Stark effect due to the interaction
of ions with plasma electrons [44] enables the analysis of time- and space-dependent
plasma parameters. Future experiments using optical spectroscopies, including measure-
ments of the anisotropy of plasma expansion, could provide further diagnostic tools for
industrially-relevant laser-produced plasmas.

Thesis outline and summary
This thesis provides an improved understanding of Sn spectroscopy through the iden-
tification of spectral lines in both lowly and highly charged tin ions, and applying this
knowledge to investigate relevant Sn plasmas. Charge-state-resolved measurements on
highly charged tin ions, which emit brightly in the EUV regime, are performed at the
Max-Planck-Institut für Kernphysik in Heidelberg, Germany. Spectral measurements in
the optical and EUV range on laser-produced plasmas have been performed in the EUV
Plasma Processes group at the Advanced Research Center for Nanolithography in Ams-
terdam.

Chapter 1 presents measurements on highly charged tin ions as measured in the elec-
tron-beam ion trap (EBIT) facility in Heidelberg in a collaborative effort with spectro-
scopists from the Russian Academy of Sciences’ Institute of Spectroscopy (ISAN) and
theorists from the Australian University of New South Wales (UNSW). This chapter fo-
cuses on the EUV spectra of Sn13+, Sn14+ and Sn15+ ions, typical measurement data for
these ions of which is shown in the upper graph of Fig. I.2. A method is introduced to
unravel convoluted spectra resulting from a charge state mixture as is present in the trap.
The method is benchmarked by confirming transitions in Sn13+ and Sn14+ around 13.5 nm.
Spectral identifications of Sn15+ are performed for the first time, highlighting strong emis-
sion features within the 2% bandwidth around 13.5 nm. Line identifications were made
with guidance from the Cowan code and the collisional-radiative modeling capabilities of
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FIGURE I.3: Artistic illustration of the laser-produced plasma and experimental setup capturing
optical light. A laser pulse, shown in violet, irradiates a Sn droplet. The resulting plasma emits
optical light that is captured by a lens which images the light onto a fiber array connected to a
spectrograph. Figure by Ricardo Struik.

the Flexible Atomic Code. Furthermore, state-of-the-art ab initio level structure calcu-
lations were performed using the configuration interaction many-body perturbation code
AMBiT.

EUV spectra from highly charged tin ions are further investigated in Chapter 2, in
which the EBIT measurements are compared to data obtained using the laser-produced
plasma setup at ARCNL. Spectra obtained in this setup are analyzed for various laser en-
ergies and for two different target geometries: a planar solid target and a droplet target.
The spectrum with the most intense spectral feature around 13.5 nm shows that spectral
features overlap at this wavelength, thus complicating plasma diagnostics. Out-of-band
spectral features are therefore studied in order to help understand the in-band EUV spec-
trum. This goal of this chapter is to analyze the spectra of charge states Sn5+ to Sn10+.
Measurements on these ions obtained in the EBIT, see Fig. I.2, are used to describe the
various spectral features obtained. The spectral features are typically UTAs associated
with the superposition of many thousands of spectral lines in this range, which com-
plicates line identifications. In collaboration with ISAN we have identified numerous
spectral features in the EBIT spectra, several of which have not been reported previously.
Using the obtained data we identify features observed in the LPP spectra and demon-
strate the potential of using long-wavelength out-of-band emission to individually probe
the charge states contributing to the spectra relevant for nanolithography.
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FIGURE I.4: Time- and space-resolved optical spectroscopy of a laser-produced Sn plasma. An
impression of the optical system is displayed on the right-hand side of the top panel (see Chapter
4 for more information). Light captured by seven adjacent fibers are shown in each panel. Line
broadening and shifting is observed for lines belonging to several Sn charge states indicated in the
figure. The time indicated in the figures is with respect to the first time-frame in which emission
from a 15 ns-long Nd:YAG laser pulse hitting the droplet is observed.
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A study on the ultraviolet and optical spectra from a droplet-based laser-produced
plasma is presented in Chapter 3. The analysis of the spectra, obtained at ARCNL, is a
result of a collaborative effort with spectroscopists from ISAN and theorists from UNSW
and the University of Groningen. An artistic impression of the experimental setup is given
in Fig. I.3. Here, a tin microdroplet is illuminated with a high-intensity laser pulse driving
the plasma. The radiation from the droplet is captured by a lens and focused onto a fiber
array. The fiber array is connected to a spectrograph in order to capture the ultraviolet and
optical spectrum of the light emitted from the plasma. In this spectral range, lines from
neutral tin (Sn I) to Sn4+ (Sn V) were found, whereof a major fraction were previously
unidentified. We focus on spectral features of Sn3+, where we identify 33 new lines with
guidance from Cowan code calculations and quantum defect scaling. Using the newly
identified lines, 13 previously unknown level energies are determined. The level struc-
ture is found to be in good agreement with relativistic Fock-space coupled cluster (FSCC)
calculations, but these calculations fail to reproduce the anomalous behavior of the 5d 2D
and n f 2F terms. By combining the strengths of the FSCC, Cowan code, and configu-
ration interaction many-body perturbation theory calculations, this behavior is shown to
arise from interactions with doubly-excited configurations. The newly-found Sn IV lines
advance plasma diagnostic opportunities in the optical range.

The investigation of the diagnostic potential of optical spectroscopy is continued in
Chapter 4, where we focus on unveiling the afterglow of the laser-produced plasma. The
experimental setup is modified to enable time- and space-resolved spectroscopy of Sn
plasmas. The laser-produced plasma is imaged onto a fiber array that is connected to
an imaging spectrometer. A fast-gated camera is used in order to achieve a 10 ns shut-
ter time. Several frames obtained at various time steps after the laser impact are dis-
played in Fig. I.4. An impression of the experimental setup is displayed on the right-hand
side of the top panel. Several Sn charge states, as indicated in the figure, emit brightly
in this wavelength range. Severely broadened and shifted lines are observed for tran-
sitions in Sn I to Sn IV. The Stark effect is found to be responsible for these observed
features. Stark shift-to-width ratios serve as the basis for unambiguous experimental tests
of theory predictions, which are found to be in poor agreement with each other for the
studied cases. Temperature estimates are obtained by a Saha-Boltzmann analysis of line
intensities of Sn I and Sn II. Time-dependent electron densities are obtained from Sn I to
Sn IV line shapes by comparison against literature values. Further studies using time- and
space-resolved spectroscopy, such as on the anisotropy of the plasma, can lead to a better
understanding of the local environment of droplet-based plasma sources of EUV light.

In summary, charge-state-resolved spectroscopy studies enable diagnosing laser-
produced tin plasmas and are indispensable for understanding the atomic origins of EUV
light in such plasmas. Such studies, in particular those performed in the easily accessi-
ble optical regime, may lead to novel monitoring and optimization methods of industrial
plasma sources of EUV light.
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