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Science related to effects in the Extreme Ultraviolet (EUV) spectrum range experienced an explosive boom of publications
in the last decades. A new application of EUV in lithography was the reason for such a growth. Naturally, an intensive
development in such area produces a snowball effect of relatively uncharted phenomena. EUV-induced plasma is one of
those. While being produced in the volume of a rarefied gas, it has a direct impact onto optical surfaces and construction
materials of lithography machines, and thus has not only scientific peculiarity, but it is also of major interest for the
technological application.
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| 1. EUV-induced Plasma and Its Relation to Photolithography

Photolithography is one of the key steps in the production process of semiconductor structures, i.e., computer chips, on
the nanoscale. In these systems, a pattern on a so-called reticle is imaged in a repetitive way on each single microchip by
an optical system, which decreases the image on a spatial scale by a factor of 4 to 8. To the end of fulfilling the ever-
lasting drive for shrinking the dimensions of the features on such chips, the following two well-known equations for the
system's resolution or critical dimension (CD):

CD = % (1)
and the depth of focus (DOF):
koA
DOF = +—— el
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are crucial . In these equations, k; and k, are process dependent constants, A is the wavelength of the light used, and
NA=nsina is the numerical aperture of the used lens with n and a the refractive index of the medium surrounding the lens
and the acceptance angle of the lens, respectively. Decreasing the feature size on a chip requires increasing NA and/or
conducting the photolithographic process at a smaller wavelength. In the past, the wavelength of the light used has been
scaled down from 436 nm (g-line) to 365 nm (i-line) to 248 nm (KrF) to 193 nm (ArF). The most advanced deep Ultraviolet
(DUV) machines that are currently in the field employ “immersion lithography”—introduced in 1987 [E—where the lens is
immersed in a medium with a higher refractive index (e.g., in water with n = 1.43). This has led to an increase of NA up to
1.35. The shift from the 22 nm to the 14 nm node was achieved with double patterning lithography based on 193 nm DUV
systems B,

Photolithography using Extreme Ultraviolet (EUV) photons with wavelengths of 13.5 nm (and energies of 92 eV) has been
introduced with the eye on achieving significant cost reduction (per produced chip) and downscaling of the feature size
even more 4. Several types of EUV sources have been, or are, under development for the production of the high flux of
needed EUV photons for various purposes. Besides the relatively low power xenon-based EUV sources &, types of high
power EUV sources include EUV sources that are based on laser produced plasmas (LPP) from tin droplets BIZIE gnd
EUV sources that are based on laser-assisted discharge produced plasmas (DPP) in tin vapor .

Lithography tools, mostly using LPP, ideally operate under vacuum conditions since EUV photons are effectively absorbed
by almost any medium. However, for technical reasons, modern lithographic tools using EUV light operate in 1-10 Pa
hydrogen background gas &I,

Inherently, everywhere, such photons travel through the background gas, neutral gas particles are photo-ionized, and
plasma is created. These so-called EUV-induced plasmas are highly transient in time and they initially contain highly
energetic electrons (76 eV) that thermalize on time scales of 100 ns—10 um, depending on the system's conditions.



Especially, in the early stages of the afterglow of such pulsed plasma, the highly energetic electrons may create additional
plasma species due to consecutive electron impact ionization of gas neutrals, while ionic compounds are accelerated
towards plasma-facing surfaces—EUV-induced plasmas interact with the machine by means of, for instance, initiating
plasma-enhanced chemistry, ion bombardment of delicate plasma-exposed surfaces, and enabling contamination
transport to positions in the machine where harm is most dominantly felt. It is not only to fulfill scientific curiosity with
respect to this peculiar type of plasma, but also for its practical implications towards EUV lithography (EUVL) that
research groups all over the world have started considerable research efforts.

Figure 1. Visible light emitted by an EUV-induced plasma. At the right, a resonant cavity is used to measure plasma
properties with a technique called Microwave Cavity Resonance Spectroscopy (MCRS).

| 2. Bulk Materials Facing EUV-induced Plasma

Current DUV lithography tools use refractive optics (i.e., lenses) for imaging. However, imaging in EUV lithography
(EUVL) tools is achieved by using multilayer Bragg reflective mirrors (MLMs) since EUV radiation would be fully absorbed
by these lenses. These mirrors have forty or more bilayers of molybdenum (Mo) and silicon (Si) Bl. As extensively
discussed in the previous section, the presence of a low pressure (1-10 Pa) background gas results in the creation of
EUV-induced plasma that is directly adjacent to these mirrors RUMLMA2] The interaction with this plasma can have both
beneficial (e.g. removal of carbon contamination) and negative effects on the (long term) mirrors' surface conditions. In
this section, we first review the observations of plasma-induced surface processes.

| 3. Discussion, Conclusions, and Outlook

EUV-induced plasma is a highly-transient and peculiar type of plasma with significant impact on EUVL equipment and
processes, as will become clear from this contribution. Although numerical and experimental research campaigns have
enlightened several of this plasma's secrets, several aspects of it remain unexplored. Below, we define some of the most
urgent research areas as being interesting from both a fundamental and EUVL application point of view. Note that new
research projects in some of these directions have already been recently initiated by the authors.

¢ Radical production

With regards to bulk plasma and from an experimental point of view, electrons and ions have already been characterized .
However, in the full picture the characterization of radicals (e.g., atomic H) is lacking, despite their potential impact on
cleaning and lifetime issues. More knowledge with respect to radical production could be gained through plasma-chemical
(numerical) models and experiments utilizing techniques, such as UV absorption or Two-photon Absorption Laser Induced
Fluorescence (TALIF).

* Gas admixtures (e.g., N2)

Up to now, most of the studies have only been performed in hydrogen (or argon only or helium only). However, the
addition of small amounts of other gases can have an important influence on the composition of the EUV-induced plasma
and it might significantly alter plasma chemistry and plasma physical processes, and hence representing real scanner
conditions more accurately 131 Although the first explorative study on N,-dilution of EUV-induced plasmas in H, has
recently been published 24!, there remains a strong demand from industry to understand the effect of other gases/vapors
(e.g., H,O, O,, and Ny) on the whole model of EUV-induced plasma dynamics.

« Interaction with nano- to micrometer sized particles



Although EUV-induced plasma dynamics and the impact thereof are much better understood than 10 years ago, the
interaction of nano- to micrometer sized particles with the complex atmosphere of an EUV lithography tool (including
plasma, electric fields, energetic photons, etc.) is a blank spot that should be enlightened. The reason for the importance
of plasma-particle interaction is the fact that bulk plasma normally has higher potential when compared to its surroundings
151 This, in combination with the ability of plasma to deliver high surface charges to the particles 18, gives rise to
concerns regarding particle transport from the location where the particles are released to basically every other location in
the tool where the particles may harm. Whereas, in normal low pressure plasmas, the charge on micrometer-sized
particles is permanently negative and it ranges in magnitude from a few 1000 times the elementary charge in the space
charge regions at the plasma’s border ARSI yp to a few 10° times the elementary charge in the plasma bulk 18 the
charge on particles under EUVL tool conditions may significantly vary and may even become positive for certain fractions
of the time. It is especially the transient behavior of the kind of plasmas occurring in EUVL tools and the presence of
ionizing radiation that can have considerable influence on the dynamic particle charging from both a temporal 2 and a
spatial 2 point of view. We expect in the coming decade enhanced research efforts in the field of Complex lonized Media
(CIM) with nano-contamination control becoming more dominantly important for EUVL and with (EUV-induced) plasma
being a strong candidate with respect to achieving cleanliness targets, i.e., the field studying the interaction between
nano-contaminants and ionized media.

With respect to the interaction of EUV-induced plasma with plasma-facing materials, in general, the understanding does
not extend much beyond what is known from classic (discharge) plasma physics. Processes that affect the evolution of
space charge regions and the formation of a sheath are theorized, but the limited available experimental work cannot
support all of the claims made. Especially, the first 100 ns to 1 ps of the ion flux evolution (after the gas is irradiated with a
pulsed beam of EUV photons) have not been experimentally explored. This troubles predictions regarding the lifetime of
optical components, because full duration lifetime tests are not feasible. Beyond these issues that have been under
investigation, scaling laws for EUV-induced plasma material interaction with respect to applied pulse energy, repetition
rate, and gas pressure/type are not fully explored yet. Especially, the buildup of a steady state background plasma at high
repetition rates may significantly impact the ion fluence towards walls.
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