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Chapter 1

Introduction

In our times, most of the population uses electronic equipment, such as smartphones,
computers, cars, or household equipment, and every year there are demands and
expectations for further improvements in such devices. Having started from a sin-
gle transistor on a chip in 1947, current semiconductor technology is now capa-
ble of fabricating billions of transistors of nanometer dimensions on a computer
chip [1]. This fact offers humanity among others, better quality, faster, and more
energy-efficient devices. The progress of the semiconductor industry follows the
well-known Moore’s law [2] according to which the number of transistors in a dense
integrated circuit doubles roughly every two years.

Semiconductor devices are fabricated using a repetitive photochemical process. In
this process, thin layers of different materials are first deposited onto a silicon wafer,
then patterned, and finally etched via a chemical procedure. In this repetitive pro-
cess, photolithography occurs when features of a mask are finely patterned onto a
photosensitive layer with light. The wavelength of this light determines the mini-
mum size of the features that can be patterned onto the photosensitive layer. The
shorter the wavelength, the smaller the features that can be imprinted [3]. In the
Rayleigh criterion equation, the critical dimension (CD) expresses the smallest reach-
able feature size:

A
CD=k - — 1.1
1 Nﬁv ( )

where the k; is a constant related to the chip manufacturing process, A is the wave-
length of the in-use light and NA is the numerical aperture that defines the range of
angles over which the system can accept or emit light. As we will motivate in the
following, it is important to understand the spectral and spatial characteristics of the
source providing the light, as well as those of the optics used.



2 1. Introduction

1.1 Tin laser-produced plasma as light source in semi-
conductor industry

Starting from 436 nm wavelength light used in photolithography back in 1985, ever
shorter wavelengths have been used during the subsequent years in the drive to min-
imize features on chips. A prominent example is deep ultraviolet (DUV) lithography
which uses light at 193 nm wavelength to drive Moore’s law for over 20 years. From
2018 onward an extreme ultraviolet (EUV) wavelength of just 13.5nm was intro-
duced in high-volume manufacturing of semiconductor devices [3]. The EUV light
at 13.5nm wavelength is generated when a high-intensity laser pulse interacts with
tin microdroplets, leading to the creation of a dense and hot plasma [4, 5, 6,7, 8, 9, 10].

The latest generations of plasma light sources used in lithography use a two-step
process to increase the EUV production efficiency. First, a low-energy pre-pulse de-
forms the tin microdroplets into disk-like shapes [5, 11, 12]. Next, a high-energy
main pulse hits the pre-shaped droplets, producing a plasma that generates the re-
quired EUV light [5, 4]. Currently, the industry uses 10.6-um-wavelength CO, gas
lasers to provide the pulses [5]. Tin plasma produced by CO, gas lasers is character-
ized by a high conversion efficiency of drive laser power to lithographically useful
EUV light. However, CO, gas lasers are not the most efficient option in terms of con-
verting electrical power into laser power. Using solid-state lasers instead of the CO,
gas lasers may lead to higher overall efficiency, more stability, and better scalability
of EUV source power [13]. For example, the 1-pm-wavelength solid-state Nd:YAG
laser has been rather extensively studied for driving plasma [14, 15, 16]. Recent stud-
ies have also focused on 2-nm-wavelength solid-state lasers which have been shown
to have a better conversion efficiency than the 1-um-wavelength lasers [13, 17].

Tin laser-produced plasma (LPP) is characterized by a strong emission peak around
13.5nm, originating from transitions between complex excited states in multiply
charged Sn®"-Sn'** jons [18, 19, 20, 21, 22, 23, 24, 25, 26, 27]. Such plasma however
also inherently radiates over a broader spectral range from soft x-rays to the visi-
ble. The lithographically useful wavelength region is defined as 13.5nm=+1% and
called the “in-band” (IB). This £1% bandwidth originates from the in-use optics (see
below). Light emitted outside of this in-band range is referred to as out-of-band ra-
diation. However, not only in-band radiation is transmitted from the light source to
the wafer through the photolithography optics. In the following, spectral character-
istics of the photolithography optics are explained, not only in the EUV but in the
full range from soft x-rays to infrared wavelengths.



1.2 Spectral characteristics of photolithography optics

The EUV light is transmitted from the LPP light source to the wafer using multilayer
mirrors (MLMs), made from molybdenum/silicon (Mo/Si), which are designed to
efficiently reflect in-band EUV light. Mo/Si MLMs however also have significant re-
flectance at longer wavelengths as shown in Fig. 1.1. The reflectance (R), absorbance
(A), and transmittance (T) shown in the figure are calculated using the IMD com-
puter code for a representative 50-period Mo/Si multilayer mirror coating with a
period of 6.9nm and a thickness ratio of 0.4 Mo to a period in normal incidence ge-
ometry [28]. The refractive indices of Mo and Si are taken from Ref. [29] and Ref. [30],
respectively, for below and above 65 nm.

Photoresist
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Figure 1.1: Calculated reflectance (R), transmission (T), and absorbance (A) of a 50-period
Mo/Si multilayer mirror. The relevant physical phenomena at different wavelength bands
are also indicated at the top (see main text).

Below 10nm the reflectance drops to insignificant values. In the same range, we
notice that the absorbance is dominant. The range from ~13 to 14nm around the
in-band (see inset) can be reflected by Mo/Si multilayer mirrors. Constructive inter-
ference of the reflections from the numerous Mo/Si interfaces leads to a high (opti-
mally ~70%) but narrow (~13-14 nm) reflection peak. It is the use of several (~10)
mirrors under several incident angles that in the end results in the aforementioned
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acceptance bandwidth of 13.5nm=+1%. In this (~13-14 nm) range of interference the
absorbance and transmittance have a dip at the peak position of the reflectance. In
the absorbance curve in the inset, it is also possible to see the Si-L absorption edge
at ~12.4nm, below which the absorbance significantly increases. Beyond this range
and up to ~40nm, light is not reflected from the mirrors, but it is absorbed by them,
something that could cause heating and lifetime problems in the optics.

Inspecting the even longer wavelengths in the figure, the reflectance starts to in-
crease. The sharp feature at ~65nm is due to the concatenation of two data sets for
the refractive index of Mo, therefore we attribute this sharp feature to a systematic
uncertainty — not a physical effect. Beyond this feature and especially above 100 nm
the reflectance of mirrors increases, with the transmission at zero level while ab-
sorbance decreases. Between ~130 and ~400nm, the reflectance is higher than the
absorbance and exceeds 60% in most of the range, and light is reflected almost as
effectively as the in-band EUV. Above this range, the reflectance first decreases be-
fore increasing again at ~1000 nm all the way up to ~10000 nm (note that these two
wavelengths correspond to the emission wavelengths of the in-use Nd:YAG and CO,
laser systems). In summary, Mo/Si MLMs have a strong but narrow reflectance peak
at 13.5nm but also significantly reflect at longer wavelengths. Light at such longer
wavelengths may be relevant for certain physical processes due to the operating en-
vironment and materials used in the photolithography systems as explained in the
following.

In photolithography systems, H is used as a buffer gas mainly to prevent damage
to optics from the fast ions generated in the violently expanding plasma. This gas
also interacts with the light generated by the LPP. Moving down in wavelength, the
gas will start absorbing the light significantly for wavelengths shorter than 112 nm,
where molecular hydrogen has a line absorption spectrum below the dissociation
threshold (H, — H(1s) + H(2s)). The absorption spectrum is governed by broad and
sharp resonances also beyond the ionization threshold at 80.3nm [31], from which
point on photoionization (H, — Hy* + e7) adds to the photoabsorption cross-section
(see Fig. 1.1). After a peak in absorption cross-section relatively close to the ioniza-
tion threshold, the absorbance rapidly decreases with decreasing wavelength facili-
tating a significant transmission of EUV light through the buffer gas at the relevant
gas column densities. Absorption of light, generated from the LPP, by the H, buffer
gas may lead to secondary plasma that could influence the quality of the optical
components [32]. Another important aspect to consider is the sensitivity of the pho-
toresist itself. Typical photoresists at the wafer level are based on organic molecules
that are intrinsically sensitive for longer wavelengths up to 300 nm [33].

After having discussed the spectral response of the Mo/Si mirrors as well as the



physical processes in the presented wavelength regime of Fig. 1.1, we next com-
bine these aspects to better understand how the various wavelength regimes may
affect the lithographic process. Between approximately 14 and 112nm light is not
transmitted to the wafer level because the light is either absorbed by the MLM or
H, buffer gas and this light will not negatively impact the exposure. However, sec-
ondary plasma and mirror heating have to be dealt with. The range of 112-300nm is
reflected by the Mo/Si mirrors, and is transmitted by the buffer gas — and can result
in possible parasitic exposure and contrast loss (see Fig. 1.1). As a side note, given
that mirror reflectivity only rises above 50% value at 130 nm, the range relevant for
exposure is typically given as 130-300nm. For all the reasons outlined above, the
study of the out-of-band wavelength regime of the emission from tin LPP is of par-
ticular importance.

1.3 Spatial characterization of tin laser-produced plasma

Besides the spectral characteristics of the LPP, its spatial character also influences the
photolithography process. Every ML mirror is designed and fabricated to operate
in a spectral and angular bandwidth, implying that it can accept and focus but a
specific source size at any given wavelength. In case the source size is bigger than
what can be accepted by the ML mirror, only a part of the source can be collected and
reflected by the ML mirror — only part of generated light can be used for lithography.
The non-collected part of the radiated energy will end up as energy loss, reducing
efficiency. Efforts related to the ever-continuing upscaling of EUV source power
thus need to include critically assessing any possible related increase in source size.
Using an imaging tool, an estimate of the size of the source can be made, and thus
a conclusion about this energy loss can be drawn [34]. The fact that not all emitted
light is collected, may be beneficial for reducing the contribution of the out-of-band
wavelengths, as these may originate from different spatial positions in the plasma.
To assess the level of such reduction, the source size needs to be understood as a
function of wavelength.

Imaging of plasma emission may also shed light on the critical plasma dynamics
and in this way generate insights for future optimization of EUV sources. Two rep-
resentative LPP examples, a droplet and a thin sheet, are shown in Fig. 1.2 where
an ML mirror was used to image in-band, 13.5nm wavelength radiation. In both
cases, the laser is launched from the right side of the image, and the plasma is im-
aged orthogonally to the laser light propagation direction. In Fig. 1.2(a) we observe
the EUV light emitted from plasma generated from a spherical tin droplet. Here, the
in-band EUV emission follows an arc shape following the droplet’s curvature, with
the highest intensity at the center. In Fig. 1.2(b), plasma is observed from a thin sheet
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formed by a prior pre-pulse. In this case, the emission is more diffuse and extends
into a larger volume in space. These two plasmas may be scaled to produce the
same EUV-IB energy but will have very different imaging responses when used in
a photolithography system because of the different emitting volumes. Without the
available imaging data, such conclusions could not have been drawn.

(a) Droplet (b) Sheet

Figure 1.2: EUV plasma imaging using an MLM. (a) Plasma from a spherical droplet, (b)
plasma from a thin sheet. Laser impacts from the right.

A disadvantage of imaging the plasma source using a ML mirror is that it can only
image within a narrow wavelength band. Plasma images can also be taken using pin-
hole imaging [35, 36, 37], in conjunction with the use of transmission filters, to pro-
vide information on a particular wavelength band. However, the spatial resolution
of pinhole imaging is usually low, being practically constrained in NA, and spectral
dependency of source size will not be apparent. Another method of plasma imag-
ing is by using Fresnel zone plates [38, 39, 40]. Zone plates can be fabricated very
precisely with nanofabrication methods and can operate over a large wavelength
range, from the soft x-ray to the infrared. However, zone plates are highly chromatic
and can image only one specific wavelength depending on their zone widths. It is
possible to cover a broad wavelength range by designing several zone plates hav-
ing different zone widths according to the desired wavelengths. As outlined in the
Thesis, the combination of a spectrometer with zone plates of varying zone widths,
matching the spectrometer dispersion, allows for spectral and one-dimensional spa-
tial imaging of plasma in a broad wavelength range with high spectral resolution.

1.4 Thesis outline and summary

In this Thesis, we experimentally study the emission from both a 1- and 2-um-
wavelength-laser-driven tin microdroplet plasma over a wide, 5-265 nm wavelength



range. Part of the experiments described in this Thesis has been conducted in the
laboratory of the EUV Plasma Processes group of the Advanced Research Center for
Nanolithography (ARCNL) in Amsterdam, The Netherlands. The presented elec-
tron beam ion trap (EBIT) measurements have been performed at the Max Planck
Institute for Nuclear Physics in Heidelberg, Germany. The measurement tool used
for both the spectroscopy and imaging experiments was developed in collabora-
tion with the Industrial Focus Group XUV Optics at the University of Twente in
Enschede, The Netherlands.

In Chapter 2, tin emission spectra are measured from an electron-beam ion trap and
laser-produced plasma in the EUV regime. The emission line features of the EBIT
data in the 12.6-20.8 nm wavelength regime are studied and assigned to specific
charge states using the Cowan code. The ions observed in this range are Sn>*-Sn!%*.
The advantage of using the EBIT data for such purposes is the fact that the EBIT
allows charge-state-resolved spectroscopy whereas the emission from the plasma
originates from several charge states simultaneously. Next, the knowledge obtained
from the EBIT data is used to identify the features in the LPP spectra. In this chap-
ter, LPP spectra from both a liquid microdroplet and a planar solid target are stud-
ied. Differences in the emission and absorption spectra are attributed to the different
plasma geometries. This study shows how out-of-band emission can be used to indi-
vidually monitor several tin charge states that contribute to the unresolved transition
array at 13.5nm.

In Chapter 3, the calibrated emission spectrum of a 1-um-wavelength-driven tin mi-
crodroplet LPP in the 5.5-265.5 nm range is presented. The spectrum presented is
free of any higher diffraction orders due to carefully calibrated transmission filters
that are used in tandem with the in-use custom-built transmission grating spectrom-
eter. Such a spectrum can offer information for the minimization of the unwanted
wavelength bands, over many orders of magnitude in emission intensity, and pro-
vide input for optimizing current and future sources of EUV light for nanolithogra-

phy.

In Chapter 4, a fully calibrated emission spectrum in the 6.5-264.5 nm range from a
tin microdroplet plasma produced using a 2-pm-wavelength drive laser is presented
using the setup and method as in the previous Chapter. Emission spectra from LPPs
generated by various drive laser pulse energies are shown, and are compared to
1-um one. The emitted energy is calculated in different wavelength regimes rele-
vant for the lithographic process. Finally, emission line features in the ~15-37nm
wavelength regime are identified using Cowan and FAC atomic codes. This study
presents the advantages and disadvantages of the 2- vs the 1-um-wavelength drive
laser and shows evidence for increasing plasma size with increasing wavelength.
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In Chapter 5, a novel imaging spectrometer is presented that allows simultaneously
performing spectroscopy and one-dimensional imaging. For the imaging part, zone
plates with varying zone widths which match the grating dispersion, have been de-
signed and fabricated. Experimental results of the imaging of a tin LPP are shown
in the 5-75nm wavelength regime. The imaging performance is compared to nu-
merical wave propagation simulations. The imaging data support the evidence of
the previous Chapter — of an increasing source size with increasing emission wave-
length.

In the Conclusions we summarize the key learnings and present an outlook for fu-
ture measurements employing the newly developed imaging spectrometer, and offer
suggestions for improvement of the experimental apparatus.



Chapter 2

EUV spectroscopy of Sn®*-Sn'%* ions in
an electron-beam ion trap and laser-produced
plasmas

Z.Bouzal, J. Scheers, A. Ryabtsev, R. Schupp, L. Behnke, C. Shah, J. Sheil, M. Bayrak-
tar, J. R. Crespo Lopez-Urrutia, W. Ubachs, R. Hoekstra, and O. O. Versolato, J. Phys.
B 53, 195001 (2020)

Abstract

Emission spectra from multiply-charged Sn>*-Sn!%* ions are recorded
from an electron-beam ion trap (EBIT) and from laser-produced plasma
(LPP) in the extreme ultraviolet range relevant for nanolithographic ap-
plications. Features in the wavelength regime between 12.6 and 20.8 nm
are studied. Using the Cowan code, emission line features of the charge-
state-resolved Sn ion spectra obtained from the EBIT are identified. Emis-
sion features from tin LPP either from a liquid microdroplet or planar
solid target are subsequently identified and assigned to specific charge
states using the EBIT data. For the planar solid tin target, the 4d—5p tran-
sitions of Sn®"-Sn'%* jons are shown to dominate the long-wavelength
part of the measured spectrum and transitions of type 4d—4f + 4p—4d are
visible in absorption. For the droplet target case, a clear increase in the
charge-state distribution with increasing laser intensity is observed. This
qualitatively demonstrates the potential of using long-wavelength out-
of-band emission features to probe the charge states contributing to the
strong unresolved transition array at 13.5nm relevant for nanolithogra-

phy.

1The authors Z. Bouza and J. Scheers contributed equally to this work
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2.1 Introduction

Highly charged Sn ions in laser-driven transient and dense plasmas are the emitters
of extreme ultraviolet (EUV) light near 13.5nm that is used in nanolithographic ap-
plications [10, 9, 41, 4]. In such applications, hot plasma is produced when molten
Sn microdroplets are illuminated by energetic laser pulses. The responsible ions for
emitting EUV photons near 13.5nm are Sn®*-Sn'** with their resonance transitions
4pS4d™—4p°4d™+! and 4d™-4d™ 4 f (m = 6-0) [22, 41, 4]. Spectroscopic investiga-
tion of these plasmas is challenging due to the many, densely-packed transitions
in these open-4d-subshell Sn ions. Furthermore, spectral lines belonging to adja-
cent ionic charge states may blend in wavelength. Charge-state—resolved measure-
ments would facilitate line identifications in these complex systems. Such measure-
ments can, e.g., be obtained from single-charge-state beam experiments of which the
charge-exchange spectroscopy (CXS) of tin ions by Ohashi et al. [24] is a notable ex-
ample. Charge-state-resolved tin spectra can also be obtained from an electron-beam
ion trap (EBIT), using, e.g., matrix inversion techniques to deconvolve the mixed-
charge-state EBIT spectra [42].

In EUV nanolithography machines, molybdenum-silicon multi-layer mirrors are used
as projection optics. These optics are characterized by a 2% reflectivity bandwidth
centered at 13.5nm wavelength [43, 44]. The EUV radiation generated from the
Sn laser-produced plasma (LPP) overlaps with the peak reflectivity of these mir-
rors. Most of the detailed spectroscopic studies in the literature focus on emission
near 13.5nm [45, 20, 19, 41, 46, 21, 47, 48, 23, 42, 49]. However the majority of the
EUV emission occurs out-of-band, i.e., outside of the 2% reflectivity bandwidth [4].
From the application perspective, this out-of-band radiation reduces the efficiency
of converting drive laser light into useful EUV photons. Moreover, such radiation
can influence the optics lifetime or introduce unwanted thermal loads in the scan-
ner [50, 51]. It is thus of particular interest and importance to quantify tin spectra
over the full spectral band. Recent studies have shed light on the short-wavelength
side of the out-of-band emission from LPP in the 7-12 nm range [52], complementing
earlier work [46]. These insights regarding short-wavelength EUV radiation were
subsequently used to obtain the relative contributions of charge states Sn’*-Sn'>*
to the main unresolved emission feature at 13.5nm, and to successfully diagnose
the plasma [53], obtaining, for instance, the temperature of an industrial EUV light
source.

In this work, emission features of the multiply-charged Sn°>*-Sn!%* ions in the long-
wavelength, 12.6-20.8 nm region are studied. Spectra are obtained from an EBIT and
from LPP. Understanding the emission features enables quantifying the contribu-
tions in LPP from the lower charge states that could not be assessed from the pre-
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vious short-wavelength studies [52, 53]. First, following the procedure outlined in
Ref. [42], mixed-charge-state EBIT spectra are deconvolved to obtain single-charge-
state spectra. Next, the line features from Sn>*-Sn'%* ions are assigned using the
semi-empirical Cowan code [54, 55], which allows for adjusting scaling factors in
the calculation in order to fit observed spectra using initial preliminary assignments.
These identifications are compared to literature where available. Finally, spectral
features in the emission from Sn LPP, generated from liquid droplets as well as from
planar solid tin targets over a wide range of laser intensities (and thus, plasma tem-
peratures), are identified using the EBIT spectra. These investigations extend the set
of diagnostic tools for monitoring EUV-producing tin LPP in an industrial setting.

2.2 Experiment

Two types of experiments are introduced in the following. First, the experimental
setup used to record emission spectra of trapped Sn ions at the FLASH-EBIT facil-
ity [56] at the Max Planck Institute for Nuclear Physics in Heidelberg, Germany, is
discussed. Second, experiments on laser-produced tin plasma that are carried out at
the Advanced Research Center for Nanolithography (ARCNL) in Amsterdam, The
Netherlands, are presented.

2.2.1 Electron beam ion trap (EBIT)

Spectroscopic measurements of Sn ions in the EUV regime have been performed
using the FLASH-EBIT facility [56]. In an EBIT, an electron beam is used to trap,
ionize, and excite ions for spectroscopic measurements. It enables the investigation
of a wide range of Sn ion charge states. The FLASH-EBIT can deliver an electron
beam with well-defined kinetic energies. A 6 T magnetic field is applied to guide and
compress the electron beam down to a diameter of about 50 pm at the center of the
trap. This magnetic field is generated by a pair of superconducting Helmholtz-coils.
A molecular beam of tera-i-propyltin (C12H135Sn) is injected into the trap center re-
gion. Molecules are dissociated while crossing the electron beam. The electron beam
rapidly excites, ionizes, and traps the Sn ions up to the desired charge state, while
the lighter elements overcome the trapping potential and leave the EBIT. Trapping
of a specific charge state can be achieved by adjusting the acceleration potentials that
define the kinetic energy of the electron beam.

Radiation by the Sn ions is dispersed by a 1 200-lines/mm flat-field, grazing-incidence
grating with a variable line spacing [57] and is recorded on a Peltier-cooled charge-
coupled device (CCD) camera. Background frames are recorded for the same expo-
sure time as in the measurements with Sn present in the trap, and these images were
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Figure 2.1: Two-dimensional spectral intensity map of Sn**~Sn'%* emission constructed from EBIT measurements (1.5 mA series). The
map is produced by interpolating along the electron-beam energy between discrete spectra which are taken at 10-eV steps. The color
bar indicates the signal or the emission intensity. The white line indicates where the electron-beam energy equals the photon energy
(see main text). Charge-state-specific emission islands are labeled by the charge state of the emitting Sn ion.
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then subtracted from the recorded plasma emission to eliminate the dark counts as
well as read-out counts. The resulting CCD images are cropped and corrected for
spectrometer aberrations. Subsequently, the images are integrated along the non-
dispersive axis. The resulting spectra are then corrected for diffraction efficiency,
as well as the quantum efficiency of the camera following Ref. [58] (also see, e.g.,
Ref.[59]). The wavelength calibration of the spectrometer is performed by inject-
ing oxygen into the trap, using well-known O*-0O*" lines in the EUV range [60].
A wavelength range spanning 12.6-20.8 nm is captured with a resolution of about
0.03nm at full width at half maximum (FWHM). A more detailed description of the
EBIT experiments is given in Refs. [61, 26, 42].

Two measurement series are conducted. In the first series, the electron-beam energy
is increased from 60 to 200 eV in steps of 10eV. The electron-beam current is set to a
constant 1.5 mA. Sn charge states 4+ to 10+ are observed using these EBIT settings.
A two-dimensional map (wavelength, electron-beam energy), composed by interpo-
lating between discrete EBIT spectra, is presented in Fig. 2.1. In the second series,
the electron-beam energy is increased from 180 to 610eV in steps of 5eV, and the
electron-beam current is set to a constant 13 mA. The Sn charge states that can be
observed in this series range from 8+ to 20+.

2.2.2 Laser-produced plasma (LPP)

Two different experimental setups are used to produce Sn plasmas with a laser: (i) a
droplet tin target and (ii) a planar solid tin target. Both experimental setups are de-
tailed below. The targets are irradiated by a Nd:YAG laser operating at a wavelength
of 1064 nm, with a Gaussian pulse length of 10ns FWHM.

In both setups, spectral emission from the Sn-produced plasma is measured under
an angle of 60° with respect to the propagation direction of the laser light, using a
broadband transmission grating spectrometer [62, 63]. The spectrometer is operated
with an entrance slit width of 25pm and a 10000 lines/mm transmission grating
achieving a FWHM instrument resolution of 0.1 nm at 13nm [62, 15]. The recorded
wavelength regime is 5-25nm. The diffracted light is recorded on a back-illuminated
CCD from Greateyes (GE2048 512BI UV1), cooled to —30°C to reduce thermal noise.
Background frames are recorded for the same exposure time as in the measurements
with Sn plasma present, and these images were then subtracted from the recorded
plasma emission to eliminate the dark counts as well as read-out noise. The exposure
time is varied from 1-5s to collect sufficient signal-to-noise ratio. The resulting CCD
images are cropped and corrected for shear and tilt introduced by a slight misalign-
ment of the slit and grating with respect to the CCD pixel array. Subsequently, the
images are integrated along the non-dispersive axis. The resulting spectra are then
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corrected for first- and second-order diffraction efficiency, as well as the quantum
efficiency of the camera.

The dispersion of the grating is obtained by observing well-documented AI** and
Al** lines [60] from a laser-produced Al plasma [15]. Based on the position of the
zeroth diffraction order, and known tin lines, an accurate wavelength calibration is
obtained.

Droplet tin target

Molten Sn microdroplets of 99.995% purity with a diameter of 18 pm are dispensed
from a droplet generator inside a vacuum vessel of 5 x 10~7 mbar pressure. The
droplets travel at a speed of approximately 10m/s in the vacuum vessel and pass
through a horizontal light sheet produced by a He-Ne laser. The light scattered by
the droplets is detected using a photomultiplier tube which subsequently triggers
the Nd:YAG laser system. The droplets are irradiated by a laser pulse with an 80 pm
(FWHM) Gaussian spot size. Additional details regarding the droplet-based experi-
mental setup can be found in Ref. [11].

Planar solid tin target

A 1mm thick Sn planar solid polycrystalline target of 99.995% purity is mounted
onto a 2D-translation stage in a vacuum vessel which is kept at a pressure of 10~¢ mbar.
The solid target is irradiated by the same Nd:YAG laser system as is used for the
droplet targets. The FWHM spot size at the planar target surface is 130 um. Only
two consecutive pulses are recorded on the same spot of the Sn target to prevent
any influence of target deformation on the recorded spectra. The translation stage
enables a stepwise motion of the target to guarantee a fresh target spot after each se-
ries of two pulses. Additional details regarding the planar solid-based experimental
setup can be found in Ref. [64].
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Average wavelength (nm)

Ion Transition CXS[24] COWAN Width (nm)

Sn5* Ad-4f 19.0 19.4 0.6
Ap—4d - 18.0 0.1
Sno+ Ad-4f 16.0 17.1 0.5
dp-4d - 159 12
Ad-5f - 142 0.4
Ad-6f - 13.0 0.3
Sn7+ Ad-4f 15.6 15.8 0.7
Ap—4d - 15.1 0.6
Ad-5f 12.5 12.6 0.3
Sns* Ad-4f 142 15.0 0.7
dp-4d - 143 0.7
Ad-5p 19.5 19.8 0.6
Snd* Ad-4f 14.0 144 0.7
dp-4d - 139 0.6
4d-5p 17.7 17.7 0.5
Snl0*  4d-4f 13.8 139 0.4
dp-4d - 136 0.5
4d-5p 16.0 16.0 0.5

Table 2: Average wavelength of various transition arrays in Sn?* (¢ = 5-10), see also Fig.2.4.
Results obtained from the Cowan code are presented as gA-weighted average wavelength of
the transition array (first moment of the distribution according to UTA formalism [65, 66]), and
the width represents the standard deviation of the distribution (square root of the variance).
CXS results (center of the distribution of emission lines) are obtained from collisions of Sn‘?*V*
with Xe, reproduced from Ref. [24]. We note that the Table entries from Ref. [24] may refer to
the average position of the 4d—4 f and 4p—4d transitions arrays combined.



16 2. EUV spectroscopy of Sn>*—Snl%* ions...

2.3 Measurements

In the following, we first discuss the results of the EBIT measurements. Spectra from
individual charge states are presented (see Fig.2.2), as obtained from EBIT measure-
ments by using the matrix inversion introduced in Ref. [42]. Identifications of the ob-
served line features are made using the Cowan code (Figs. 2.2 and 2.3). An overview
of the wavelength positions of relevant configurations is presented in Fig. 2.4 as well
as in Table2. Next, the EBIT data is employed to qualitatively study the contribu-
tion of individual charge states to the emission from laser-produced plasmas created
from both droplet or planar solid tin targets (see Fig.2.5).

2.3.1 EBIT spectra

In Fig. 2.1, a two-dimensional (wavelength, electron-beam energy) spectral intensity
colormap of Sn ions constructed from EBIT measurements is presented (1.5-mA se-
ries). Emission features from Sn** to Sn!%* ions can be observed. The white line
indicates the threshold at which the photon energy equals the electron-beam energy,
above which a particular transition can energetically be excited directly by single-
electron impact.

The individual EBIT spectra contain a mixture of charge states, dependent on EBIT
conditions such as electron-beam energy and current. Following the procedure out-
lined in Ref. [42], spectra of the individual charge states are obtained using a matrix
inversion method. This method enables unraveling blended spectra by assuming
that every spectrum contains a linear combination of contributions from individ-
ual charge states. The contributions from these charge states are weighted by their
respective fluorescence curve (a curve defined as the emission intensity of the var-
ious spectral lines as function of the electron-beam energy). Following the work of
Scheers et al. [42], to obtain fluorescence curves, we project vertical regions of inter-
est from the data as shown in Fig.2.1. Several lines per charge states are used to
construct a generic fluorescence curve. Chosen lines are preferably isolated, mostly
outside of dense spectral regions. The observed energy dependencies of the line
strengths are typically very similar for all lines associated with a particular charge
state. Individual fluorescence curves are normalized and subsequently averaged
such that a generic fluorescence curve per charge is constructed. A matrix inversion
technique is subsequently invoked. In it, the colormaps are represented by a matrix
E. The matrix elements of E contain spectral intensities directly obtained from mea-
surements. Fluorescence curves span a fluorescence matrix F in F'S = E, where S
contains the individual, charge-state-resolved spectra. The solution of matrix S is
givenby S = (FTF)"'FTE.
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The charge-state-resolved spectra obtained from both the lower- and higher-current
measurement series are nearly identical. An improved signal-to-noise ratio is ob-
tained in the higher-current case. A consequence of using a different electron-beam
current might be variations in level population within the respective tin ions and
therefore line intensities may change [67], but such an effect was not observed in our
spectra. Because of the higher signal-to-noise ratio, the higher-current series is used
in the following for the spectra of Sn®*-Sn'%*. The lower-current series is used for
Sn>*-Sn’* as these ions could not be observed in the higher-current series. Sn** is
not included because its dominant line features largely fall outside the spectrometer
range [68, 24].

In the following, the spectral fingerprints of the EBIT spectra from individual charge
states are discussed. For convenience, the transitions of type of 4d™—4d™~ 14f, 4pS4dm—
Ap34dmTL, 4dm—4d™ 15 f, 4d™—4d™ L 6p, 4d—4d™ 16 f and 4d™—4d™15p, where m
=9-4 in the case of Sn®* to Sn'%*, will be written as 4d—4 f, 4p—4d, 4d-5 f, 4d—6p, 4d—6 f
and 4d-5p, respectively.

The Hartree-Fock method with relativistic corrections incorporated in the RCN-RCN2-
RCG chain of the Cowan code [54, 55] is used for the calculation of energy levels,
transition wavelengths, and gA values (multiplicity g times the Einstein coefficient
A). Spectral line intensities recorded from an EBIT may deviate from calculated gA
values (see, e.g., Ref. [67]) as excited-state populations, which together with these gA
values determine the line intensities, depend on the specifics of electron impact exci-
tation. Inclusion of such effects in our calculations would require detailed collisional-
radiative modeling [69] which is beyond the scope of the current paper. In this work,
we find that emission features can here be reliably identified using gA values.

Spectrum of Sn5*

Strong emission line features of Sn°* are observed between 18-20nm in the EBIT
spectrum (Fig. 2.2). These line features are related to transitions of type 4d—4f and
4d-6p. They were identified in Ref. [47], where the Cowan code was used to an-
alyze measurements performed using a spark source. A comparison between our
spectrum with gA factors calculated by Cowan code using scaling parameters based
on the line identifications from Ref. [47], convoluted with the spectrometer resolu-
tion (0.03nm FWHM), is presented in Fig. 2.2. Calculations and experiment are in
good agreement. Further, we observe a strong and isolated line at 17.98 nm wave-
length. Cowan code calculations indicate that this feature can be identified as the
4p® 4d° 2Dy j5—4p® 4d'° 2Py 5 transition.
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Figure 2.2: Normalized charge-state-resolved spectra from Sn>*~Sn'"* ions obtained from the
EBIT measurements using the matrix inversion method (see main text). The results for Sn®*—
Sn’* originate from the 1.5mA electron beam current measurements, and the Sn®*-Sn'%* re-
sults derive from the 13 mA current measurements (see main text). Results from Cowan code
calculations are presented with gA factors normalized to maximum gA value for the corre-
sponding charge state (shown as sticks in the plot). The envelopes (shown in gray) represent
a convolution of the gA factors with a Gaussian function accounting for the spectrometer res-
olution (0.03 nm FWHM). These envelopes are separately normalized to a maximum value of
one at their respective maximum.

Spectrum of Sn®*

In the case of Sn°*, prominent emission line features can be observed in Fig. 2.1 in
three separate wavelength regions: 12.6-13.6nm, 14-14.5nm, and 16-17.5nm. For
the identification of the emission line features between 12.6-14.5nm, we use the
Cowan atomic structure code. The level energies of the 4d"5f and 4d"6f configu-
rations of Sn®* are optimized using configuration-interaction between the following
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configurations: 4p%(4d® + 4d"5s + 4d55s?) in the even set and 4p%4d” (5p + 6p + nf
(n = 4-7)) +4p°(4d° + 4d®5s) in the odd set. The fitting of the levels of the 4p54d®,
4p54d™ (5p+4f) and 4p°4d° configurations was performed using known data [48, 70].
The electrostatic energy parameters of the unknown configurations 4d”6p, 4d"7 f and
4p°4d®5s were scaled by a rather standard factor 0.85 with respect to their ab ini-
tio Hartree-Fock with relativistic corrections (HFR) values. The interaction integrals
were scaled by 0.8. The ab initio HFR values for the 4d"5f and 4d76 f configurations
were improved using the same scaling factors and effective parameters as were ob-
tained previously for 4d”4f. The final fitted and adopted energy parameters as well
as scaling factors for configurations 4d"n f (n = 4-6) and 4p°4d° responsible for most
of the features in our EBIT spectrum, including those in the 16-17.5nm region, are
presented in Table 2.2.

| — EBIT Sn®*
3 Cowan 4d-5f
- [l Cowan 4d-6f

Relative intensity

Hl
0 A"'I“ﬂ'!&ﬂlfhmm’iﬂ‘nmm\.-,; 1

13.0 13.5 14.0 14.5

Wavelength (nm)

Figure 2.3: Identification of spectral features in Sn®" obtained from the EBIT measurements
using the matrix inversion method (see text). Vertical lines indicate calculated gA factors
of 4d—(5f + 6f) transitions normalized to the strongest transition in this range. The gray
envelope is a convolution of the presented gA values with a Gaussian function accounting for
the spectrometer resolution of 0.03 nm (FWHM). The envelope is separately normalized for
better visibility.

The results of the Cowan code calculations for both 4d-5f and 4d—6 f transitions are
presented in Fig. 2.3, along with the spectrum of Sn°* obtained from the matrix inver-
sion technique. The heights of the vertical lines represent the calculated gA values
for individual lines within the transition arrays 4d—-(5f + 6f). They are normalized
to the strongest transition in the here-presented wavelength range. The gray enve-
lope is a convolution of these gA factors with a Gaussian function representing the
spectrometer resolution (0.03nm FWHM). This envelope is separately normalized
to a value of one for better visibility. The EBIT spectrum of Sn®" presents a smaller
relative emission amplitude, by a factor of approximately two, in the 12.6-13.2nm
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range as would be expected from a direct comparison of the calculated gA values
of the 4d-5f to the 4d—6 f transitions. This relatively small amplitude may in part be
explained by the fact that the electron-beam energy is barely sufficient to excite to the
levels giving rise to the 4d—6 f transitions. Collisional-radiative modeling, left for fu-
ture work, would enable assessing the dependence of the observed line strengths on
electron-beam energy and its density. In general, our calculations, including those
for the 4d-4f and 4p-4d transitions, are in good agreement with the spectra (see
Fig. 2.2).

Spectrum of Sn’*

Emission line features of Sn’* lie between 15-16nm, as seen from Fig. 2.2. These
line features correspond to the 4d—4f, 4p—4d transitions identified by Churilov and
Ryabtsev [19] employing a vacuum spark setup. Fig. 2.2 also shows transition prob-
abilities for the Sn’* ion spectrum calculated with the Cowan code using scaling
parameters from Ref. [19]. A convolution of these transitions with Gaussian func-
tion accounting for the spectrometer resolution is in agreement with the experimen-
tal spectrum. The 4d-6p transitions are not visible in our EBIT spectra. However,
we note that our calculations of the 4d—6p transitions are in excellent agreement
with unidentified spectral features around 14 nm observed in charge-exchange spec-
troscopy, whereby spectra resulting from collisions of Sn®* with He and Xe were ob-
served [24]. The small feature at the edge of our detection region (near 12.8 nm) may
be tentatively associated with the 4d-5f transition array as was previously noted in
Ref. [46].

Spectrum of Sn®*

Strong emission features of Sn®* are found between 14 and 15nm, as shown in
Fig. 2.2. Identified lines stem from 4p—4d and 4d-4f transitions [20]. Although more
recent studies [26] have found that the level energies of the ground manifold from
Ref. [20] in Sn¥"-Sn'%* may not be fully correct, the accuracy of the line determina-
tion in the EUV is sufficient for the current investigations. Configurations used in
those [20] and the current Cowan calculations for the charge states Sn®-Sn'% are of
type 4d™ 1 (5p + 6p) + 4d™ 1 (Af + 5f 4+ 6f) + 4p°(4d™ ! + 4d™5s). Scaling factors
were estimated by extrapolation from Sn®*, Sn’*, and isoelectronic Ag ion spectra
[71]. The results, shown in Fig. 2.2, are in agreement with our measurements. Emis-
sion features located near 20 nm belong to the 4d-5p transition array in Sn®*-Sn!**
ions, as previously identified by Ohashi and coworkers [24] in their CXS work. No
individual line assignments were made in that work. There are thousands of lines
contributing to these features, thus making line identifications of specific transitions
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inaccessible, which is also true in the current work. However, the origin of the emis-
sion features can be well understood from Cowan code calculations.

Spectrum of Sn°*

The 4p-4d and 4p-4f transitions of Sn* are located around 14nm, as shown in
Fig. 2.2, and line identifications are described in Ref. [20]. A comparison of the spec-
trum, as obtained by the matrix inversion technique, with the listed transitions of
Ref. [20] show that the strongest peak at 14.17 nm cannot be satisfactorily explained.
However, using instead Cowan calculations based on an extrapolation of scaling
factors, similar to the case of Sn®" (see above), enables obtaining a reasonable match
with the experimental spectrum (see Fig. 2.2) including the 4d-5p transitions located
between 16 and 19 nm.

Spectrum of Sn'0*

The 4p—4d and 4d-4f transitions in Sn'** are found between 13 and 14 nm (Fig.2.2)
according to line identifications performed on this transition array in Ref. [20]. Tran-
sitions of the type 4d-5p are observed between 15 and 17nm. The Cowan calcula-
tions (for details, see above) for the aforementioned transition arrays are in excellent
agreement with the experimental data, as shown in Fig.2.2.

Summary of EBIT spectra

Fig. 2.4 summarizes our findings of the emission characteristics of the 4d-4f, 4p-4d,
4d-5f, 4d-6f, and 4d-5p transitions of the charge states Sn®*-Sn!%*. We note that
the positions found for the 4d-4 f and 4p—4d, smoothly scaling with charge state, are
in accordance with literature values. These configurations become more and more
intertwined with increasing charge state. We note that the 4d-5p transitions in Sn®*-
Sn!® may be easily confused with 4d—4f or 4p-4d transitions of the lower charge
states when diagnosing a tin plasma.

2.3.2 Diagnosing LPP spectra

Fig. 2.5 presents EUV emission spectra for various laser intensities from laser-produced
plasmas using two target geometries: droplet and planar-solid. Plasma is produced
from a Sn droplet target (top panel) and from a planar solid target (middle panel).
Charge-state-resolved EBIT spectra of Sn®*-Sn'!%* ions are shown also (bottom panel).

In the top panel of Fig. 2.5, emission spectra from illumination of a Sn droplet tar-
get using laser intensities of 0.2, 0.6, 0.8, and 2.6 x 10'! Wcm™2 are presented. The
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Figure 2.4: Wavelengths of spectral features of various transition arrays in Sn1" (q = 5-10)
as obtained from our Cowan code calculations. Symbol location represents the g A-weighted
average wavelength of the transition array (first moment of the distribution according to UTA
formalism [65, 66]), while the indicated width represents the standard deviation of the distri-
bution (square root of the variance). Dashed vertical lines indicate a 2% bandwidth around
13.5 nm. Wavelengths and distribution widths shown in this figure are presented in Table 2.

laser intensity was calculated as described in Ref. [15]. The dependence of the main
feature near 13.5nm wavelength on laser intensity has been discussed in detail else-
where (see, e.g., Ref. [15, 14]) and the current discussion focuses on the wavelengths
above 13.5nm. For the lowest laser intensity, line features associated with the 4d—4f
transition arrays in Sn>*-Sn’* particularly stand out. Their visibility strongly de-
creases with increasing laser intensity. Instead, line features associated with 4d-5p
transitions of the more highly charged Sn®" and Sn°* ions become more prominent
in this wavelength range with increasing laser intensity. The reduction of observed
intensities of lines associated with the lower charge states is most pronounced for
Sn>* and Sn®*; lines of Sn”* also reduce in relative amplitude but remain visible for
all laser intensities shown. The expected evolution of the apparent charge state dis-
tribution with laser intensity is thus observed: higher laser intensity produce a hotter
plasma with a higher average charge state. A more quantitative study would yield
important insights regarding the population of charge states relevant for in-band
emission at 13.5nm wavelength, analogous and complementary to the work of Tor-
retti et al. [53] for the shorter-wavelength emission features.

In the middle panel of Fig. 2.5, emission spectra are shown from a planar solid tin
target for laser intensities of 0.3, 0.4, 0.8, and 3.0 x 10! Wem~2. This series of in-
tensities is similar to those used in the droplet target case. The spectral differences
between planar solid and droplet targets for wavelengths larger than 14 nm are strik-
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ing. Generally, much more emission occurs at these longer wavelengths than in to
the droplet target case. No emission line features of the low charge states Sn>*-Sn”*
stand out. Instead, for all laser intensities, the 4d-5p transitions of the more highly
charged Sn®*-Sn'%* jons dominate this part of the spectrum. These emission features
slowly decrease in relative amplitude as the laser intensity increases. Noteworthy
are dips in the spectra observed at wavelengths where emission peaks appear for
the droplet target.

More specifically, the strong dip around 15.6 nm seems to coincide with the expected
location of the 4d—4f + 4p-4d transition array of Sn’*. Similarly, two other particu-
larly visible dips, located around 14.8 nm and 14.2nm, line up with 4d-4f + 4p—4d
transitions of Sn®* and Sn’*, respectively. The latter dip position also overlaps with
the 4d-5f transition in Sn®*. These dips can thus be explained by absorption by the
plasma constituents.

Briefly, the spectral differences between the two target cases can be traced to geo-
metrical arguments. The particular initial phase (liquid vs planar solid tin) has little
bearing on the ensuing plasma given the energies involved. The geometry of the tar-
get affects the plasma emission in two aspects. First, size: the small, 18 pm-diameter
droplet interacts mainly with the most intense part of the 80 pm laser pulse spot. In
contrast, the large solid target interacts with the full beam spot. Second, dimension-
ality: the plasma expands and rarefies. The dimensionality of the rarefaction can
be related to that of the target: a one-dimensional, linear expansion for the planar
target and a quasi-three-dimensional expansion for the small droplet [72]. The rar-
efaction is much more rapid in the droplet case leading to less (self-)absorption of
light [15]. Thus, the absorption features of the solid target spectra may be attributed
to absorption in a rather dense but colder part of the plasma?, which contains the
relevant charge states that exhibit significant opacity [49], surrounding the main, hot
and dense emission zone [73, 16]. For near-infrared drive lasers such as those oper-
ating at 1-um wavelength, a spherical target appears to be better suited for obtaining
a large fraction of the emitted EUV radiation in-band.

2We note that Filevich et al. [Phys. Rev. E 67, 056409 (2003)] likewise postulated that a cool, dense
plasma, created by EUV emission from the tin LPP leads to strong absorption by low ion stages in the
peripheral zone.
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Figure 2.5: Top: normalized experimental LPP emission spectra in the extreme ultraviolet
range for various Nd:YAG laser intensities, using a liquid droplet-based tin target with a
droplet diameter of 18 um and a FWHM laser beam spot of 80 um. Middle: normalized ex-
perimental LPP emission spectra in the extreme ultraviolet region for various Nd:YAG laser
intensities, using a planar solid tin target with a laser beam spot of 130 um FWHM. Bottom:
normalized charge-state-resolved spectra of Sn°>*~Sn'"* obtained from the EBIT measurements
using the matrix inversion method (see text); the spectra of the three highest charge states are
vertically offset for better visibility. The gray-shaded area shows the 2% bandwidth around
13.5 nm relevant for nanolithographic applications. The vertical dashed-dotted lines trace par-
ticular features from the EBIT in the LPP spectra. A schematic layout of both LPP experiments
is presented as an inset in the top panel. The additional inset graph shows relative peak in-
tensities as a function of laser intensity for both target cases.
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4d74f 4d75f 4d"6 f
Parameter HFR FIT FIT/HFR HFR Adopted HFR Adopted
FEaverage (4d'nf) 535000 533917 (271) 694284 693283 779714 779714
F2%(4d,4d) 102377 85801 (200) 0.838 103411 86649 103642 86843
F'(4d, 4d) 68285 59966 (468) 0.878 69065 60650 69238 60802
a(4d) 50 50 50
£(4d) -540f -540 -540
T'(4d) 2f 2 2
¢(4d) 3681 3799¢ 1.032 3740 3861 3757 3877
¢(nf) 110 110 1 52 52 28 28
F?(4d,nf) 65286 54159 (1254)  0.829' 22023 18257 10343 8574
F*(4d,nf) 40129 33290 (771) 0.829'1 12342 10232 5631 4669
Gl(4d,nf) 75280 60314 (331) 0.8012 20272 16238 8371 6705
G3(4d,nf) 45662 36584 (201) 0.801'2 13362 10703 5781 4630
G®(4d, nf) 31866 25530 (140) 0.801%2 9627 7711 4241 3397

4p°4d°
Parameter HFR FIT FIT/HFR
Eaverage (4p°4d°) 616908 597881 (506)  0.969
¢(4p) 40711 44357 (539) 1.09
¢(4d) 3599 3714f 1.032
F?(4d, 4d) 108221 102669 (3811) 0.949
G'(4p,4d) 137494 107607 (1666) 0.783
G3(4p,4d) 85454 66898 (1035)  0.783

Table 2.2: Cowan code Hartree-Fock with relativistic corrections (HFR) and least-squares-
fitted (LSF) parameter values of the 4d"nf (n = 4-6), and 4p°4d° configurations in Sn®*. All
parameters are given in units of cm™'. One-standard-deviation uncertainties are given in
brackets. Fixed parameters are indicated with a superscripted “f”. Parameters superscripted
with r1, r2, and 13 are also fixed in the fitting procedure.

2.4 Conclusion

Emission spectra from multiply-charged Sn®*-Sn!%* ions are recorded from an EBIT
and from LPP in the EUV range. In particular, features in the wavelength range be-
tween 12.6 and 20.8 nm are studied. A matrix inversion method is employed to pro-
duce charge-state-resolved spectra from the EBIT measurements. The Cowan code is
used to identify the emission line features. Particular attention is given to the newly
identified 4d-5f and 4d-6 f transitions in Sn®*. We have also identified a previously
unreported 4p—4d transition in Sn>*. The obtained spectroscopic information is em-
ployed to diagnose the Sn LPP produced from a liquid droplet and a planar solid
Sn target. Emission features are identified and assigned to specific charge states us-
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ing the EBIT data. For the planar solid Sn target, the 4d—5p transitions of Sn®*-Sn!**
ions dominate the long-wavelength part of the EUV spectrum. Transitions of type
4d-4f + 4p-4d appear as self-absorption dips in the spectra. For the droplet target
relevant for nanolithography, a more clear evolution of the charge-state distribution
with laser intensity is observed: higher laser intensities produce a hotter plasma
with a higher average charge state. Transitions of type 4d-4f + 4p—4d in Sn°*-Sn”*
smoothly give way to 4d-5p type transitions in Sn®*-Sn'%*. This study demonstrates
the inherent potential of out-of-band emission to individually monitor several Sn
charge states that strongly contribute to the unresolved transition array at 13.5nm.
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Chapter 3

The spectrum of a 1I-um-wavelength-driven
tin microdroplet laser-produced plasma source
in the 5.5-265.5 nm wavelength range
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W. Ubachs, R. Hoekstra, M. Bayraktar, and O. O. Versolato, AIP Adv. 11, 125003
(2021)

Abstract

We present a calibrated spectrum in the 5.5-265.5 nm range from a micro-
droplet-tin Nd:YAG-laser-produced plasma under conditions relevant for
the production of extreme ultraviolet light at 13.5nm for nanolithogra-
phy. The plasma emission spectrum, obtained using a custom-built trans-
mission-grating spectrometer, results from a careful calibration of a series
of filters enabling measurements free of any higher diffraction orders.
Specifically, Zr, Si and Al thin-foil filters, and bulk LiF, MgF, and UV
fused silica filters are employed. A further filter using four SiC mirrors
is used to record the otherwise inaccessible 40-100 nm range. The result-
ing corrected and concatenated spectra are shown to accurately match in
their respective overlap regions. The possibility to measure spectra over
this broad range enables the optimization of current and future sources
of EUV light for nanolithography by providing the diagnostics required
for minimizing the emission of unwanted wavelength bands.
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3.1 Introduction

Laser-produced plasma (LPP) generated from liquid tin (Sn) microdroplets provides
extreme ultraviolet (EUV) light for modern nanolithography [4, 5, 6, 7, 8, 9, 10],
enabling the continued reduction of feature sizes on affordable integrated circuits
(ICs). Such laser-produced plasmas of tin are characterized by a strong emission
peak near 13.5nm, originating from transitions between complex excited states in
multiply charged Sn'%*-Sn'5+ ions [18, 19, 20, 21, 22, 23, 24, 25, 26, 27].

Multilayer optics are used in industrial lithography machines to collect the EUV light
from its source, and to provide an image of the so-called mask onto the wafer. These
optics are designed to reflect wavelengths in a 2% wavelength bandwidth centered
around 13.5nm (the bandwidth limitation is in part due to the many, ~ 10 required
reflective surfaces) [43, 44]. As such, most spectroscopic works on Sn LPPs have
focused on the “in-band” wavelength region [41, 49, 27, 45, 46, 47], or on nearby
out-of-band (OOB) EUV emission features [46, 24, 52, 53, 15, 14, 74, 75, 13], spec-
tral regions which may help diagnose the plasma in terms of its main in-band emit-
ters’ charge states or temperature. Little spectroscopic information is available for
longer, vacuum (VUV)- and deep-ultraviolet (DUV) wavelengths in particular in
terms of relative (or absolute) emission intensities. Available spectra in the literature
either show vacuum- or deep-ultraviolet spectra without the EUV region around
13.5nm[76, 77, 78, 79, 80], or if the EUV region is presented, the spectral range be-
tween EUV and DUV is not shown [81, 82, 83, 84, 85, 33].

VUV/DUYV emission may be transported through the multilayer optics systems and
expose the wafer. Given the significant photon energy, this exposure may influence
the chemical processes on the wafer and negatively impact imaging contrast and
quality [50, 51]. As such, it is of significant interest to understand in detail the spec-
trum of EUV generating LPPs in terms of their absolute emission intensity. This
will enable identifying the origins of many yet-unknown emission features and en-
able the development of mitigation strategies, i.e. minimize the OOB emission. In
particular, the wavelength range of 30-90 nm is important for EUV lithography due
to the strong absorption by hydrogen which is present as a buffer gas in the EUV
source chambers. Photoionization of hydrogen molecules by DUV radiation gener-
ates plasmas in the scanner which can degrade important optical components [32]. It
is challenging to obtain the source spectrum in this wavelength range due to strong
contributions from higher diffraction orders of the very strong emission feature cen-
tered around 13.5nm.

We present an intensity-calibrated spectrum of a droplet-based tin plasma driven
by 1-pm laser light in the wavelength range between 5.5-265.5nm. A custom-built
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transmission grating spectrometer (TGS) is used to record the spectrum using a 1000
lines per mm grating. Higher diffraction orders, which would otherwise render im-
possible the detection of longer wavelengths, are eliminated by using Zr, Si, Al, LiF,
MgF,, and UV fused silica (UVFS) filters. An additional novel filter using four SiC
mirrors is used to record the 40-100 nm region which would, given the dominant
contribution from the higher diffraction orders of the EUV band if unfiltered, oth-
erwise remain inaccessible. Careful calibration of these filters and the transmission
grating combined with the response of the camera enables the absolute calibration
of the full operating band and to obtain a spectrum free of any higher diffraction
orders.

3.2 Experimental setup

In our experiments, molten tin microdroplets of 46 um diameter are first irradiated
by a relatively low intensity (~ 10° W/cm?), 1-um wavelength pre-pulse (PP) from
an Nd:YAG laser [86]. The microdroplets are dispensed from a droplet generator in-
side a vacuum vessel with a background pressure of approximately 10~% mbar. The
beam profile of the PP laser is Gaussian of with a spatial full width at half maximum
(FWHM) of 97 pym. The temporal profile is a Gaussian with a FWHM of 29ns. For
the presented experiments a constant PP energy of 6.8 mJ was used. The PP deforms
the droplets into thin sheet targets which are radially symmetric and thickest in their
center [11, 87, 12, 88, 17]. The target diameter is controlled via a time delay between
the pre- and main pulses, and for our experiments the time delay is set to 2000 ns,
leading to a target diameter of ~ 320 pm.

After the PP, the targets are irradiated with a high-intensity 1-pym-wavelength main
pulse (MP) from a Nd:YAG laser. The pulse duration of the MP is 10ns and the
focal spot has a Gaussian beam profile with a FWHM of 103 pm. For the presented
experiments, a fixed laser intensity of 2.3 x 10'! W/cm? was employed using a pulse
energy of 293 mJ. The intensity was calculated as described in Ref. [15]. Additional
details regarding the droplet-based experimental setup can be found in Ref. [11].
Finally, a simplified scheme of the experimental setup is presented in Fig. 3.1.

The spectral emission from the Sn laser-produced plasma is recorded using a broad-
band transmission grating spectrometer [62, 63] which is placed under an angle of
60° with respect to the incoming laser light. The different elements in the TGS are
shown schematically in Fig. 3.1. The spectrometer is operated with a slit width of
50um and a 1000lines/mm transmission grating, achieving a FWHM instrument
resolution of 0.8 nm at 13.5nm [62]. The use of the 1000 lines/mm transmission grat-
ing allows one to record emission in the 5.5-265.5 nm wavelength region. The limits
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Figure 3.1: Experimental setup showing the front- and side-view shadowgraphs of the tin
targets used for plasma generation as recorded by two cameras. The upper, boxed figure is a
schematic of the transmission grating spectrometer.

to this specific 5.5-265.5nm range are set on the short wavelength side by the on-
set (> 5.5nm) of the availability of calibration data for the diffraction grating (see
Section 3.3.2). On the long wavelength side, the limit (< 265.5nm) is due to the ge-
ometry of the spectrometer. Furthermore, the spectrometer contains Zr, Si, Al, LiF,
MgF,, UVES as well as SiC mirrors as tabulated in Table 1. The Zr, Si, and Al filters
are foil filters with a common thickness of 200nm. The foils are supported with a
Ni mesh with 10 lines/inch period. The SiC system comprises four bulk-SiC mirrors
which are placed under an angle of 45° with respect to the optical axis (see Fig. 3.1).
The transmission grating, the filters Zr, Si, Al and the SiC mirrors are calibrated at the
beamline facilities of the Physikalisch-Technische Bundesanstalt (PTB), at the BESSY-
IT synchrotron, Berlin, limited to wavelengths > 5.5nm. The LiF, MgF, and UVFS
filters are calibrated for wavelengths down to 115nm using a vacuum-ultraviolet
spectrograph equipped with a deuterium lamp.

The diffracted light in the TGS is recorded on a back-illuminated charge-coupled de-
vice (CCD) from Greateyes GmbH (GE2048 512BI UV1). The CCD is cooled to —30°C
to reduce thermal noise. Background images are then subtracted from the recorded
spectra to eliminate the dark counts as well as read-out noise. The resulting CCD
images are cropped and corrected for shear and tilt that may be introduced by a
misalignment of the slit and the grating with respect to the CCD pixel array. Next,
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Filter Filter = Thickness Short wavelength
material type cut-off (nm)
Zr Foil 200 nm 6.1
Si Foil 200nm 12.5

Al Foil 200 nm 17

SiC Mirrors 1mm 55

LiF Window 2mm 129
MgF,  Window 2mm <115*
UVFS  Window 2mm 165

Table 1: Filters used in the spectral measurements with the transmission grating spectrometer.
All short wavelength cut-offs are specified at 50% of the maximum transmission shown in the
figures. * At 115nm the transmission is ~53% of the maximum.

the pixel counts are averaged along the non-dispersive axis and corrected for the re-
spective exposure times. The resulting spectra are then corrected for filter efficiency,
the first-order diffraction efficiency of the grating, the camera response and the solid
angle of the spectrometer. The spectrometer has a solid angle of 37 x 10~!! sr that is
calculated using the slit width, pixel size and the distance to the plasma.

For the wavelength calibration, a measurement with the Al filter is used. The sharp
filter edge at 17.056 nm [29] and its higher orders enable accurate calibration of the
wavelength axis. Here, the higher diffraction orders are advantageous - for wave-
length calibration.

3.3 Results

In this section, three necessary types of corrections are applied to the raw spectra,
namely the (A) filter transmission, (B) grating diffraction efficiency, and (C) CCD
response.
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3.3.1 Filter transmission

Spectra were recorded in the 5.5-265.5 nm wavelength region using different filters.
The advantage of capturing spectra using different filters is that each filter allows
for the measurement of different wavelength regions clear from higher order contri-
butions. In the following, we sub-divide our discussion of the 5.5-265.5nm spectra
into three regions: (1) 5.5-40nm, (2) 40-115nm and (3) 115-265.5 nm, and we discuss
each region individually.

5.5-40 nm wavelength range

For the investigation of the 5.5-40nm wavelength range we recorded four sets of
spectra using (i) no filter and the filters (ii) Zr, (iii) Si, and (iv) Al. The measured
spectra are presented in Fig. 3.2(a).

The Zr filter has a cut-off at ~6.1nm which allows for recording a higher-order-
free tin LPP spectrum in the ~6.1-12.2nm region. The Si filter exhibits a cut-off at
~12.5nm so in that way the spectrum is pure in the range of ~12.5-25nm. The Al
filter has the advantage of a longer wavelength cut-off at ~17 nm such that all orders
of the strong 13.5nm emission feature are absent and a clean measurement in the
range ~17-34nm is possible.

The transmission functions of the various filters are tabulated in the CXRO database
[29], however such transmission data is only valid for pristine samples. These filters
typically suffer from oxidation and are subject to contamination from hydrocarbons
and tin deposition. To obtain reliable transmission functions, the filters are calibrated
at the PTB in Berlin. The calibration results are shown in Fig. 3.2(b), (c) and (d). The
calibration procedure comprises two steps. First, for each filter type, the entire filter
area was sampled at a single wavelength (13.5nm for the Al filter, 17.5nm for the
Si and Zr filters) using a 0.5x0.5 mm? beam, enabling to obtain a detailed “map” of
the transmission. Second, at one particular position on the filter (indicated by red
squares in the inset figures), the full wavelength range is measured. The recorded
transmission function was subsequently scaled by a factor proportional to the aver-
age transmission at the wavelength of the first measurement step (within the filter
window indicated by the black circle in the inset figures). The error bars on this
scaled transmission curve (red data points in Fig. 3.2(b), (c) and (d)) represent one
standard deviation from the average across the filter.
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Figure 3.2: (a) Raw emission spectra obtained from tin LPP using Zr, Si, and Al filters, as
well as using no filter. ADU: arithmetic digital unit. Filter transmissions for (b) Zr, (c) Si and
(d) Al filters. The experimental ratio is the result of the division of the respective filtered by
the unfiltered spectra; the calibration is from PTB; and the fitted curve is obtained taking
oxidation into account, while the nominal one is the transmission obtained CXRO. Insets:
Transmission maps measured at 13.5nm for Zr and Si, and at 17.5nm for Al. Red squares
depict the location of the filter used for the wavelength scan. (e)Spectra corrected for the
respective filter transmission functions.

Superimposed in black in the same figures are experimental estimates of the trans-
mission function. These estimates are obtained by dividing the respective filtered
spectra by the unfiltered spectra. These ratios may serve only as estimates as they
are influenced by higher diffraction orders.

In all cases, the filter transmission is significantly lower than theoretical transmis-
sion that would be obtained from the CXRO database using the nominal thickness
(shown as light gray lines). In an attempt to quantitatively explain the differences
between the calibration and nominal CXRO database entries, we simulate the influ-
ence of finite oxidation of the filter surfaces using the following equation (Al as an
example):

T = e(—nairadar)  o(=na103141,03d41505) (3.1)

The symbols n, i and d represent the number of atoms per unit volume, atomic
photo-absorption cross section and thickness of the material, respectively. Thin film
interference effects are verified to be negligible. We also accounted for the thickness
of the non-oxidized part of the filter and the fraction of the filter material in the oxide
layer sums up to the nominal thickness. The fraction of the filter material in the oxide
layer is calculated by considering the atomic weights of the pure filter material and
the oxidized filter material. For Al this fraction is calculated as W4;/Wa;,0,, where
W is the atomic/molecular weight.

This consideration allows fitting the T'(\) function to the PTB measured transmis-
sion curve with a single free fit parameter, namely the thickness of the oxide layer.
The fit results shown in Fig. 3.2 are in good agreement with the calibration data. The
obtained oxide thicknesses range from 17 nm in the Al filter case to 49 nm in the Zr
filter case. We find optimum agreement between the simulated and experimentally-
determined calibration curves for oxide layer thickness of 49 nm ZrO, layer (with
169 nm pure Zr remaining), 19 nm SiO, (192 pure Si) and 17 nm Al,O3 (193 nm pure
Al). The substantial oxide layers (we assume the oxide layer is divided between
front and back sides of the filter) are in fact in agreement with the expected oxide
layer thickness of such metal foils. More specifically, it has been shown in Ref. [89]
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using Auger depth profiling, a 100 nm thick Zr filter can have 10 nm thick oxide lay-
ers on both sides of the filter. The total oxide layer thickness in Ref. [89] is of the same
order of magnitude as the oxide layer thickness we have found. The same study[89]
further shows that carbon and carbide mixed with Zr is also present throughout
the filter, decreasing the transmission further. Since carbon and carbide mixing is
not taken into account in our analysis, our calculations may overestimate the ZrO,
layer thickness. For the Si filter, a total oxide layer thickness of 66 nm has been re-
ported, somewhat thicker than what we found [90]. For the Al filter, oxide thick-
nesses around 15nm have been reported, which matches well with 17 nm thickness
that is found here [90, 91]. All in all, the PTB-calibrated transmission curves can be
well understood from our model assuming a relatively thick oxide layer coating the
pure filter surfaces.

Next, the spectra are corrected with the filter transmission data from PTB, the re-
sults of which are shown Fig. 3.2(e). The corrected spectra are shown starting from
the short wavelength cut-off of each filter onward till the calibrated transmission
drops below 10%. The corrected spectra are in very good agreement with each other
(cf. Fig.3.2 (e)). The dominant remaining difference is visible at 40 nm wavelength
and can be attributed to the third-order contribution of the main emission feature at
13.5nm that here only impacts the unfiltered spectrum and the Si filtered spectrum
(the Zr-filtered spectrum is shown up to 18 nm where the transmission drops below
10%). The Al-filtered spectrum is free of this third-order diffraction feature and will
be used for this wavelength range.

40-115 nm wavelength range

For the investigation of the 40-115nm wavelength range we use the SiC mirrors. In
Fig. 3.3(a), the spectrum obtained using the SiC mirrors is presented. In the same
figure a scaled unfiltered spectrum is also presented for comparison. The peak in the
unfiltered spectrum in the 65-70 nm range can be attributed to the fifth diffraction
order of the dominant 13.5nm emission feature. The spectral intensities in the SiC
mirrors measurements are between two and three orders of magnitude lower than
the unfiltered spectrum.

The SiC mirrors were sent to PTB for calibration in order to measure its total re-
flection efficiency. The resulting calibration is compared to the theoretical response
curve in Fig. 3.3(b). The difference can be attributed partially to contamination but
also to scattering due to roughness.
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Figure 3.3: (a) Raw tin LPP emission spectra using the SiC mirrors as well as no filter. The
unfiltered spectrum is multiplied by x0.007 for better visibility. (b)SiC mirrors reflectivity
curves: one calibrated by PTB and one from theory (see main text). (c) Unfiltered spectrum
and spectrum corrected for the SiC mirrors reflectivity.

The LPP spectrum is then corrected with the reflectivity calibration data from PTB,
the results of which are shown in Fig. 3.3(c). The unfiltered and SiC filtered spectra
show significant differences, highlighting the important contribution from higher
orders to the spectrum and emphasizing the need for suppression of higher orders
using filters as is done here.
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115-265.5 nm wavelength range

To investigate the 115-265.5nm wavelength range we have recorded spectra using
(i) no filter and the filters (ii) LiF, (iii) MgF,, and (iv) UVFS. The spectra are shown
Fig. 3.4(a). The spectrum with the LiF filter extends smoothly below 115nm but the
spectrum recorded using the MgF filter exhibits a steep decrease. The UVFS filter
has the longest cut-off wavelength at 165nm. All filters transmit at wavelengths
above 265.5 nm which is the limit of the measurement range, set by the spectrometer.

In Fig. 3.4(b), the calibrated transmission efficiency curves of the three filters used for
this wavelength region are presented. Since the upper limit of the wavelength axis
of our recorded spectra is ~265.5nm, a combination of two of the filters (either LiF
or MgF, with UVEFS) in the 115-265.5nm range will fully suppress all higher order
contributions.

We present the filter-corrected spectra in Fig. 3.4(c). The three filter-corrected spectra
are generally in good agreement with each other. The most significant difference,
occurring below 120 nm, is related to the accuracy of the onset of the transmission
of the MgF, filter and the precision of the relative wavelength calibration of the ex-
periments and calibration. The comparison between the unfiltered spectrum to the
filter-corrected spectra highlights the prominent contribution from high diffraction
orders. The apparent intensity, i.e., counts, of the unfiltered spectrum is more than
an order of magnitude stronger than the true signal, thus emphasizing the need to
use filters.

In Fig.3.5 we present the full spectrum in the 5.5-265.5nm wavelength range ob-
tained from concatenating the filtered spectra using only their respective ranges free
of any higher diffraction orders. The individual y-axis values are shown to accu-
rately “connect” at the respective overlap regions. We note that no free fit factors
have been used to obtain this match. Instead, it is the accurate calibration of the
filter transmissions that enables this good agreement. As seen before, strong con-
tributions from higher diffraction orders are visible. In particular the odd multiples
of the main 13.5nm emission feature stand out, starting from the third diffraction
order.

3.3.2 Grating diffraction efficiency

The first-order diffraction efficiency of the grating is shown in Fig. 3.6(a), as obtained
from calibration at PTB. The feature that stands out is the “kink” near 12nm that
originates from the Si L-edge absorption in Si3sN4 material present in the transmis-
sion grating [62].
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Figure 3.4: (a) Raw emission spectra from a tin LPP using the LiF, MgF, and UVFS filter as
well as no filter. The unfiltered spectrum is multiplied by x0.1 for better visibility. (b) Filter
transmission curves for the various filters. (c) Spectra corrected for the respective filter trans-
mission functions.

3.3.3 CCD response

The CCD camera response is a product of three components: the gain, quantum
yield (QY) and quantum efficiency (QE)[94]. The gain relates the ADU to the gen-
erated electrons and has the units of ADU/e~. For the camera that is used in this
experiment, the camera gain is specified by the manufacturer [92] as 0.83 ADU/e".

The QY is defined as the number of electrons generated per detected photon, and
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Figure 3.5: Concatenated spectra from tin LPP using the various filters, corrected for the re-
spective transmission functions (see main text). The chosen range for each spectrum is free of
any higher diffraction orders. The unfiltered spectrum is also shown for comparison.

is proportional to the energy of the photon. A typical assumption in the EUV and
VUV wavelength ranges [93, 95] is that a photon energy of 3.66 eV, which corre-
sponds to the indirect bandgap of Si, is needed to generate an electron. A de-
tected photon of energy E would thus generate £/(3.66eV) electrons. As pointed
out also by Heymes et al.[95] this assumption breaks down in the optical range
where QY will instead converge to a value of one (1). In the here studied wave-
length range, however, the simple 1/3.66 ¢~ /eV rule is in good agreement with a
more detailed treatment [93, 94]. Correcting for QY enables converting the number
of electrons to the number of detected photons, or to the amount of detected energy
in units of eV with a proportionality constant of 3.66. Hence, the QY for the wave-
length range explored in this work can be written in units of e~ /eV or e~ /m] as
QY=1/3.66¢/eV = 1.71 x 10'% ¢~ /m].

The QE is defined as the ratio of the number of detected photons to the number of
photons arriving on the detector surface. Hence, it is also equal to the ratio of de-
tected to incident energy. In Fig. 3.6(a) we show two such quantum efficiency curves.
The first is obtained from the manufacturer of the CCD used in our experiments [92].
We note however that the calibration provided by the manufacturer depends, in part,
on simulations and not experiments [96]. According to their simulations, the sharp
edge around 120 nm originates from thin film interference, assuming a sharp inter-
face between the assumed SiO, layer and the active Si CCD surface. In reality, the
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Figure 3.6: (a) Grating efficiency for the first diffraction order and QE of the CCD camera, com-
paring manufacturer QE [92] or experimental QE [93] data (see main text). (b) Concatenated
spectra (cf. Fig.3.5) after correcting for the diffraction efficiency of the grating, the CCD re-
sponse using either manufacturer or experimental QE data and solid angle.

boundary is expected to be less sharp due to intermixing. As a result, the QE curve
is expected to have a smoother shape. In search of experimental support for our QE
calibration we employ the recent results [93]. Further experimental QE studies are
found in previous works [96, 97, 98]. Comparing the two QE curves in Fig. 3.6(a)
we note that there is a striking difference near 120 nm where a sharp, steep edge is
visible in the QE from the manufacturer which is not supported (either in amplitude
or shape) by recent experimental work [93]. The differences between the available
QE curves may be due to dissimilarities in manufacturing processes or, for instance,
to possible aging effects. Considering the significant differences, the overall uncer-
tainty in our final spectrum is expected to be dominated by the QE curve.

As the final step, the concatenated spectra of Fig.3.5 are corrected for the cam-
era response (gain, QY, and QE) together with the solid angle of the spectrometer
(37x 107! sr) and the resulting corrected full-range spectrum is shown in Fig. 3.6(b).
Integral energies emitted in the various wavelength ranges, following the filters
used, are presented in Table2. The final corrections, using either QE curve, pro-



41

Wavelength ~ Corresponding Energy (%) of total

range (nm) filter (m]J/shot/sr) energy
5.5-17.5 Zr 7.1 54.7
(13.5nm +1%%) (Zr) (0.4) (3.1)
17.5-42.5 Al 4.2 32.5
42.5-115 SiC 1.5 11.4
115-175.5 LiF 0.2 12
175.5-265.5 UVFS 0.03 0.2
Total energy 13.0

Table 2: Energy emitted towards the spectrometer, i.e. under a 60° angle cf. Fig. 3.1, in the
various wavelength ranges using manufacturer QE data cf. Fig. 3.6. “The value for the energy
emitted in the 2%-wavelength bandwidth centered around 13.5 nm is impacted on by the lim-
ited resolution of the spectrometer (0.8 nm at 13.5nm).

duce a “knee” near 120 nm wavelength that is not visible in the concatenated data of
Fig. 3.5 which may point at a discrepancy between the true QE and the available QE
curves.

Further corrections for the source size (possibly weakly wavelength-dependent) and
for the precise time dependence of the transient emission are required to interpret
the obtained intensity in terms of spectral radiance. These steps are left as future
work but may be expected to have only limited impact on the overall shape of the
emission spectrum as shown in Fig. 3.6(b). Nevertheless, the obtained spectrum en-
ables diagnosing the energy distribution of the LPP that is useful for optimizing the
LPP based EUV sources.

3.4 Conclusions

We present a fully calibrated spectrum in the 5.5-265.5 nm range from a microdroplet-
tin Nd:YAG-laser-produced plasma. The spectrum, obtained using a transmission
grating spectrometer, is the result of a careful calibration of a series of filters enabling
measurements free of any higher diffraction orders. Specifically, we use Zr, Si, Al foil
filters and bulk LiF, MgF,, and UVFS filters. A further filter using four SiC mirrors
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is used to record the otherwise inaccessible 40-100 nm region. The photon energy in
this particular wavelength range is significant and provides input for further stud-
ies on the impact of EUV-induced-plasma in the EUV source vessel. The fully cor-
rected and concatenated spectra are shown to accurately match in their respective
overlap regions demonstrating the accuracy of the calibration procedure. The dom-
inant remaining uncertainty stems from the correction for quantum efficiency. Our
calibration enables the optimization of current and future sources of EUV light for
nanolithography by providing metrology for minimizing the emission of unwanted
wavelength bands that may limit imaging contrast or even impact machine uptime.
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Chapter 4

Radiation from a 2-pym-wavelength-
driven tin microdroplet laser-produced plasma
in a 6.5-264.5 nm wavelength band

Z. Bouza, Y. Mostafa, L. Behnke, R. Schupp, W. Ubachs, R. Hoekstra, M. Bayraktar,
and O. O. Versolato. Manuscript in preparation.

Abstract

We present a wavelength and intensity calibrated spectrum in the 6.5
264.5nm range from a microdroplet tin plasma produced using a ns-
pulsed 2-um-wavelength drive laser, which may efficiently drive future
plasma sources of extreme ultraviolet light at 13.5nm for nanolithogra-
phy. The plasma emission spectrum is obtained by means of a transmis-
sion grating spectrometer and is free of higher diffraction orders by con-
catenating spectra from a series of filters. A comparison between spectra
at various laser pulse energies is made. We observe that in all cases the
dominant radiative contribution comes from the EUV range (5-70nm).
A relatively broad range of laser pulse energies (100-250 mJ) was found
to efficiently produce useful EUV radiation in a 13.2-13.8 nm wavelength
band. The further comparison with a spectrum obtained from plasma
driven by a 1-nm-wavelength drive laser highlights the higher efficiency
of the 2-um laser for producing 13.2-13.8 nm EUV radiation. The 1-pm
wavelength laser light produces predominantly more light over a wider
5-70nm wavelength range at the expense of emission in the useful 13.2—-
13.8 nm wavelength band. We next identify key emission features in the
~15-37 nm wavelength band using results from Cowan and FAC atomic
codes, and further find evidence for increasing plasma emission size with
increasing wavelength.
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4.1 Introduction

Extreme ultraviolet (EUV) light generated from liquid-tin laser-produced plasma
(LPP) is used in state-of-the-art nanolithography [5, 4, 6,7, 9, 10, 41, 8]. Tin LPP emits
strongly at wavelengths near 13.5 nm, matching the optimum reflection wavelength
of optics available in the EUV range. The radiation originates from electronic tran-
sitions between multiply excited states [49] in highly charged tin ions Sn!®*-Sn!>*
[18, 19, 20, 21, 22, 23, 24, 25, 26]. The electronic structure of the tin ions enables a
high conversion efficiency (CE) of the laser light into “in-band” radiation, defined as
the radiation in a 2% bandwidth centered at 13.5nm that can be efficiently used in a
lithography tool.

To achieve high conversion efficiencies, a specific experimental procedure should be
followed. First, a low-intensity pre-pulse (PP) deforms the tin microdroplets into
disk-like shapes such that the main pulses (MPs) can interact more efficiently with
the targets [5, 4]. Currently, 10.6-pm-wavelength CO, gas lasers are used to provide
the main pulses to drive plasmas for industrial EUV lithography purposes, reach-
ing a CE value of up to 6% [5]. Recently, 2-um-wavelength solid-state lasers have
been used to deliver main pulses for research purposes [13], achieving a CE of 3%
in preliminary experiments [17]. Lasers operating near 2-pm wavelength, and also
at 1-pm, may offer significant benefits over the CO, gas lasers, e.g., in terms of wall
plug efficiency (i.e, converting electrical power to light). Higher CE values may be
expected with further upgrades of the experimental setup and the 2-um laser sys-
tem, to be able to better match the conditions of recent simulations which predicted
a ~5% CE [99].

One of the most important advantages of the strong emission peak of 13.5nm of
such tin LPPs is that this radiation matches the peak reflectivity of multilayer mir-
rors used in industrial lithographic machines [43, 44]. For this reason, most of the
spectroscopy-related works focused on the in-band wavelength region [27, 41, 49,
45, 46, 47] and the nearby out-of-band (OoB) EUV emission [24, 46, 52, 53, 15, 14, 74].
Atlonger wavelengths, such as vacuum-ultraviolet (VUV) or deep-ultraviolet (DUV)
ranges, the available spectroscopic information is limited. Available works present
either VUV or DUV speactra without also showing the EUV region [76, 77, 78, 79,
27], while when the EUV region is shown, then the VUV is typically not included
[81, 82, 83, 84, 33, 85].

In a recent study [100], a fully calibrated spectrum from a 1-um-wavelength-driven
LPP in the 6.5-264.5nm wavelength regime was presented. A study of this larger
wavelength range is of particular importance as part of the VUV and DUV radiation
may be transported by the multilayer mirrors onto the wafer. Due to the still large
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photon energy, the chemical processes on the wafer can be influenced, and this can
negatively impact imaging contrast and quality [100, 50, 51]. Moreover, the wave-
length range of 30-90nm is absorbed by the hydrogen that is present as a buffer
gas in the EUV source vessel. Photoionization and - dissociation of these molecules
may generate secondary plasma that could influence the quality of the optical com-
ponents [32]. Therefore, a detailed study of the radiation from a 2-um-wavelength-
driven LPP over a wide wavelength range is valuable for assessing its application
potential.

In the following, we present fully calibrated 2-pm-wavelength-driven tin micro-
droplet LPP spectra in the 6.5-264.5nm wavelength regime. First, we present and
analyze 2-um LPP spectra obtained at various laser pulse energies. Next, we add
the fully calibrated 1-pm-wavelength-driven tin microdroplet LPP spectra presented
previously by Bouza et al. [100] and discuss similarities and differences with the 2-
pm LPP. We subsequently calculate the energy emitted in the various relevant wave-
length bands of all 2- and 1-um spectra. Finally, we use Cowan and FAC atomic
codes to identify emission features of the multiply-charged Sn**-Sn'%* ions, in the
~15-37 nm wavelength regime of the tin LPP spectrum.

4.2 Experimental setup

In this section, we present and explain the experimental setup that is schematically
represented in Fig. 4.1. For the 2-um laser light experiments, liquid tin microdroplets
of ~39 um diameter are first irradiated with a relatively low intensity (~ 10° W/cm?),
1-pm wavelength pre-pulse (PP) from an Nd:YAG laser. Microdroplets are dispersed
from a droplet generator inside a vacuum vessel with a background pressure of ap-
proximately 10~% mbar. The beam profile of the PP laser is Gaussian with a spatial
full width at half maximum (FWHM) of 60 pm. Its temporal profile is Gaussian
with a FWHM of 10ns. For these experiments, a single PP energy of 8 mJ was used.
The PP deforms the droplets into disk-like targets with a 120 pm diameter (also see
Refs.[87, 12, 88, 17] for further information). As described in Chapter 3, the target
diameter is controlled through the time delay between the pre- and main pulses. For
the current experiment, the time delay is set to 0.5 ps. A more detailed schematic of
our experimental setup is shown in Fig. 3.1 of Chapter 3.

As the main pulse (MP), we use a high-intensity 2-pm wavelength laser pulse. The
beam profile of the MP laser is a top hat with a spatial full width at half maxi-
mum (FWHM) of 80 pm. Its temporal profile approximates a top hat with a FWHM
of 30ns. For the needs of the experiments, the MP energy varies between 30 to
300m] (corresponding to MP intensities ranging approximately between 0.2 — 2 x
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Figure 4.1: Schematic of the experimental setup. A 1-um Nd:YAG laser is used to seed an
Optical Parametric Oscillator (OPO) creating 2-pm light. This light is further amplified by an
Optical Parametric Amplifier (OPA) and subsequently imaged onto the disk-like tin targets in
a vacuum chamber. Light emitted from the laser-produced plasma is recorded on a spectrom-
eter set up at an angle of -60 degrees with respect to the laser propagation direction. A side
and front shadowgraphy view of the tin sheet target before laser impact is shown. The target
is produced from the impact of an independent pre-pulse laser on a tin droplet, see main text.
For simplicity, the pre-pulse is not included in the schematics.

10" W/cem?, assuming all energy is enclosed in the FWHM profile for simplicity).
The pulses are produced in a home-built master oscillator power amplifier (MOPA)
system built following the work of Arisholm ef al. [101]. The current 2-um laser sys-
tem demonstrates tunable spatial and temporal profiles. More detailed information
about the MOPA system, and on optimum intensity considerations, can be found in
Ref. [75,17, 13].

The 1-pm experiment has been also described in detail in Chapter 3. The proce-
dure of this experiment is the same as for the 2-pm case. Briefly, first a relatively
low-energy 1-pm wavelength PP from an Nd:YAG laser is used, and subsequently a
high-energy 1-um MP from an Nd:YAG laser follows (corresponding to an MP inten-
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sity of ~2 x 10 W/em?, close to the expected optimum following Ref. [15]). In this
experiment liquid tin microdroplets of ~46 pm diameter were used. The beam pro-
file of the PP laser is Gaussian with a spatial full width at half maximum (FWHM) of
97 pm. Its temporal profile is Gaussian with a FWHM of 29ns. A single PP energy
of 6.8 m] was used. The PP deforms the droplets into thin sheet targets of ~320 pm.
The pulse duration of the MP is 10ns. The MP has a Gaussian spatial profile with a
FWHM of 103 um. For the current experiment, a single laser energy of 293 mJ was
employed. A schematic of the specific experimental setup with 1-um MP is shown
in Fig. 3.1 of Chapter 3.

The spectral emission from the tin LPP is measured using a broadband transmission
grating spectrometer [62, 63] (also see Chapter 3). The spectrometer is placed at an
angle of 60° with respect to the incoming laser light. A single slit width of 50 pm
was used to illuminate a 1000 lines/mm transmission grating, leading to an instru-
ment resolution of 0.8 nm (FWHM) at 13.5nm [62]. The use of the 1000 lines/mm
transmission grating allows for capturing the LPP emission spectrum over a large
wavelength range, spanning 6.5-264.5nm. The spectrometer is equipped with var-
ious filters (see Table 1 of Chapter 3). These filters are used to avoid contributions
from higher diffraction orders inserted from the transmission grating. More informa-
tion about these filters and their calibration can be found in Chapter 3. A schematic
of the transmission grating spectrometer used is provided in the Experimental Setup
section of Chapter 3.

The diffracted light is measured on a back-illuminated charge-coupled device (CCD)
from Greateyes GmbH (GE2048 512BI UV1) which is cooled to —30°C to reduce ther-
mal noise. Background images are then subtracted from the recorded spectra to
eliminate dark counts and read-out noise. The resulting CCD images are cropped
and corrected for shear and tilt that may be introduced by a misalignment of the
slit and the grating with respect to the CCD pixel array. After that, the pixel counts
are averaged along the non-dispersive axis and corrected for the respective exposure
times. After that, the resulting spectra are corrected for filter efficiency, the first-order
diffraction efficiency of the grating, camera response, and the solid angle of the spec-
trometer. The spectrometer has a solid angle of 37 x 107! sr. In calculating the solid
angle we considered the width of the slit in the dispersive direction and height of
a CCD pixel in the non-dispersive direction. The choice of pixel height in the non-
dispersive direction is due to the averaging of the pixel counts in the previous step.

The wavelength calibration was done in the same way as in Chapter 3, using a mea-
surement with the Al filter. The sharp edge of the Al filter at 17.056 nm [29] and its
higher orders allow for sufficiently accurate calibration of the wavelength axis.
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4.3 Experimental results

In this section, we discuss the experimental results using a 2- and 1-um drive laser
wavelength. We start by presenting emission spectra of 2-um tin LPP over a range
of laser pulse energies. Next, we compare 2- to 1-um tin LPP emission spectra. We
then calculate and compare the energy emitted from all the presented spectra (of 2-
and 1-pum) in various wavelength bins. Finally, we focus on a 2-pm LPP spectrum
and identify emission features in the ~15-37 nm range using the pre-existing Cowan
code calculations supplemented by our calculations using the flexible atomic code
(FAC).

43.1 2-pm-wavelength-driven tin LPP emission spectrum

In Fig. 4.2(a), emission spectra from tin LPP at several laser pulse energies using
2-pm laser pulses are presented. Each spectrum in this plot is the result of the
concatenation of several emission spectra individually obtained using various fil-
ters (Zr, Al, SiC mirrors, LiF and UVFS), following Ref.[100], in order to reduce or
even eliminate contributions from higher diffraction orders, e.g., from the strong
emission peak at 13.5nm wavelength. The presented spectra are normalized to the
laser energy and are corrected for exposure time, background, filter efficiency, and
1%t-order grating diffraction efficiency. Note that the wavelength x-axis is on lin-
ear scale, while the y-axis is on logarithmic scale. In Fig. 4.2(b), the same spectra
as in Fig. 4.2(a) are presented, but here both the x- and y-axis are on a logarithmic
scale for improved visibility of the emission features. For all laser pulse energies,
the 2-um spectra look very similar around the in-band area, where the emissivity
is at a maximum. Only the lowest energy 30 m] case stands out as LPP plasma is
clearly underheated, leading to lower emission in this regime particularly visible in
panel (b) of Fig. 4.2. At shorter and longer wavelengths, the various spectra do show
discrepancies. At shorter ~6-10nm wavelengths the effects of the increasing tem-
perature of the plasma with increasing laser intensity are apparent in the increasing
contribution of, e.g., 4p-5s transitions from the higher charge states [52]. At longer
wavelengths, beyond approximately ~20 nm, spectral differences become more pro-
nounced with increasing wavelength. Increasing laser pulse energy appears to de-
crease the long-wavelength contributions while the short-wavelength out-of-band
emission increases.

4.3.2 2-pm- vs 1-um-wavelength-driven tin LPP emission spectra

In Fig. 4.3 we present the same data shown in figure 4.2(a) and add a spectrum from a
1-pm-laser-driven tin plasma (from Bouza et al. [100]) for ease of comparison. Again,
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Figure 4.2: Emission spectra from a 2-um-wavelength driven LPP. (a) Concatenated emission
spectra using various filters (Zr, Al, SiC mirrors, LiF and UVES) for different laser energies.
The spectra are normalized to laser energy and are corrected for exposure time, background,
filter efficiency, and 1°*-order grating diffraction efficiency. Note that y-axis in panel (a) is in
log scale while x-axis in lin scale. (b) Same spectra as in (a), but here both x- and y-axis are in
log scale. ADU: arithmetic digital unit (see Chapter 3).

all spectra are normalized to laser energy and are corrected for exposure time, back-
ground, filter efficiency, and 1%'-order grating diffraction efficiency. Furthermore, in
contrast to the previous figures 4.2, in this figure we apply additional corrections
for the wavelength-dependent CCD response, and for the solid angle of the spec-
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trometer. More details about these corrections can be found in Bouza et al. [100] (see
Chapter 3).

As in Chapter 3, the correction for the CCD response increases the visibility of a
“knee” in the spectrum near 120 nm wavelength (compare panel (a) of Fig. 4.2 panel
to Fig. 4.3) which may point at a discrepancy between the true CCD quantum effi-
ciency (QE) and the available QE curves. If we now compare the spectra from the
2-um to the 1-um case, we see that the spectrum from the 1-um case exhibits sig-
nificantly higher emission intensity in the 13.5-80 nm wavelength range. At longer
wavelengths >80nm the difference becomes much less pronounced with the emis-
sion characteristics being very similar to the low-energy 2-um cases. This is of partic-
ular interest, as there are notable differences between the experimental approaches
comparing the 1-pym and 2-pm cases such as the different target sizes, and the dif-
ferent spatial and temporal profiles of the respective main pulses. These differences
may contribute to the spectral differences beyond the change in drive laser wave-
length, as discussed previously [13, 17].
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Figure 4.3: Concatenated emission spectra from 2-um- and 1-ym wavelength LPP (cf. Fig. 4.2).
The spectra are normalized to laser energy and are corrected for exposure time, back-
ground, filter efficiency, and 1°*-order grating diffraction efficiency, as well as for wavelength-
dependent CCD response and the detector solid angle.

4.3.3 Quantitative assessment of the radiative energy distribution

Here we analyze the energy deposited in various wavelength ranges of the spectra
in Fig. 4.3. The definitions of wavelength ranges that are commonly used in the
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industry are listed in Table 1 [102]. To clarify the choice of the specific wavelength
bins, we expand this table by including the corresponding physical processes and the
induced effects. It should be noted that the correspondence between the wavelength
ranges and the physical processes is tentative, i.e. some of the wavelength ranges are
broader than the listed physical process. Moreover, we appreciate that the industry
naming convention opted for here is not consistent with the commonly used naming
in the literature for the VUV and DUV ranges, hence we denote our wavelength
ranges with an asterisk (*).

The first wavelength range is the EUV full-band (FB) range, which is set from 13.2nm
to 13.8 nm. This wavelength range is reflected by the Mo/Si multilayer mirrors used
in the scanner, even though the reflectivity reduces outside the 13.5nm=+1% band
that is exposing the photoresist on a wafer. The EUV out-of-band (OoB) covers the
range of 5-70nm excluding the EUV-FB. This range is not reflected, but absorbed
by the mirrors or partly transmitted to the mirror substrate hence can cause mir-
ror heating and lifetime issues in the illuminator. The presence of consecutive mul-
tilayer mirrors in the EUVL scanners reduces this EUV-OoB in each reflection, so
this range is not expected to reach the wafer. The next, vacuum ultraviolet (VUV*)
range between 70 and 130 nm is effectively absorbed by the background hydrogen
gas present in the EUVL source and scanner chamber, but this suppression decreases
above ~112nm. As was pointed out in the Introduction of this Thesis, Hy gas sig-
nificantly absorbs light with wavelengths shorter than 112nm, where the molec-
ular hydrogen photodissociates. The H; ionization threshold lies at 80.3nm [31],
from which point on photoionization adds to the photoabsorption cross-section (see
Fig. 1.1). After a peak in absorption cross-section relatively close to the ionization
threshold, the absorbance rapidly decreases with decreasing wavelength facilitating
a significant transmission of EUV light through the buffer gas.

The absorption in hydrogen prevents the light from reaching the wafer but it may
ionize hydrogen gas and create a secondary plasma. The last range is the deep-
ultraviolet (DUV*) range covering the 130-400nm band. This range is important
because the multilayer mirrors can still reflect significantly in this range. Typical
photoresists at the wafer level are based on organic molecules that are sensitive to
the light from 150 to 300 nm, thus DUV* may result in parasitic exposure and contrast
loss. A more detailed treatment of the impact of light in these wavelength ranges on
the imaging performance of an EUVL scanner can be found in Refs. [103, 104, 33, 85].
In our analysis the EUV-Oo0B is set at 6.5-70 nm (excluding EUV-FB) while the DUV*
is set at 130-264.5nm, due to the lower and upper limits of our spectral range. The
wavelength ranges excluded in our experiments are either very narrow (5-6.5nm)
or the intensity is very low (264.5-400 nm) thus they do not significantly impact the
amount of energy deposited in either the OoB or DUV* band.
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Name  Wavelength range (nm) Physical process
EUV-FB 13.2-13.8 Reflected by mirrors, lithography
EUV-OoB 5-70 (excl. EUV-FB) Absorbed by mirrors, heat load
vuv* 70-130 Absorbed by Hj, secondary plasma
DUV* 130400 Reflected by mirrors, contrast loss

Table 1: Definitions of the four wavelength ranges used to characterize the emitted energy. In
our case the EUV-Oo0B is set as 6.5-70 nm (excl. EUV-FB) and DUV* as 130-264.5 nm.

For the data shown in Fig. 4.3 using the wavelength range definitions in Table 1,
we calculated the energy contained in for each wavelength bin. These fractional
amounts of energy are presented as a bar chart in Fig. 4.4. For the 2-pum spectra, we
see that the EUV-FB significantly increases from 5% to 15% in the 30250 m] regime
and slightly decreases to 12% at 300 mJ. We note that the 2-um case presents a broad
optimum in the 100-250 m] range containing at least 14% of the total radiated energy.
The EUV-OoB slowly increases from 77% to 81% in the same laser energy range but
the relative change is smaller compared to the change in the EUV-FB range. VUV*
energy reduces from 16% to 5% in the 30-250 m] range and slightly increases to 6%
at 300mJ laser energy. This significant decrease has the opposite trend seen in the
EUV-FB and approximately the same magnitude. It can be speculated that there is
energy transfer from the VUV* range (via the EUV-OoB) to the EUV-FB range with
increasing drive laser energy. The DUV* range in all 2-pm cases remains almost
constant at a level of 1-2%. We also conclude that the case of 300m] concerns an
overheated plasma as EUV-FB decreases and EUV-OoB increases. Comparing 2-um
and 1-pm energy distributions at the same drive laser energy of 300 mJ, we observe
that the loss in EUV-FB is transferred to the EUV-OoB. We also notice that the case
of 1-um presents half of the maximum EUV-FB of the 2-pm case. This observation of
an approximately two times higher EUV-FB generation efficiency of 2-pm compared
to 1-um is in line with a previous work [17].

4.3.4 Origins of emission features

In Fig. 4.5(a) we present the spectrum of an LPP driven by a 200mJ, 2-uym wave-
length laser pulse (cf. Fig. 4.3) and we next identify the emission features in the
~15-37nm wavelength regime, using Cowan and FAC atomic codes. The Cowan
code is a semi-empirical code [54, 55], which allows for adjustment of the scaling
factors in the model to fit the observed spectra using initial preliminary assign-
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Figure 4.4: Energy emitted towards the spectrometer under a 60° angle in the various wave-

length ranges for 2-ym and 1-pm LPP. (a) 2-um, 30 mJ, (b) 2-um, 60 mJ, (c) 2-um, 100mJ, (d)
2-pum, 200 mJ, (e) 2-pum, 250 mJ, (f) 2-pm, 300 m]J, (g) 1-pm, 293 m]J.

ments. More information on how we perform and use Cowan can be found in Chap-
ter 2. FAC enables performing relativistic calculations of atomic structures including
configuration-interaction [105], without any scaling factors. In the current work, we
use FAC calculations for Sn**-Sn®* and available Cowan calculations for Sn”*-Sn!*.
We use the same Cowan results as in Chapter 2 but here we also add the Sn’* ion
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- also for this tin ion the Cowan calculations are performed exactly the same way
as in Chapter 2. For the Sn**~Sn®* ions, Cowan calculations are not available in the
relevant wavelength range and we use FAC calculations instead. Finally, we limit
the current analysis to the ~15-37 nm wavelength range corresponding to the do-
main where readily identifiable 4d-5p excitations may be expected to dominate the
emission.

For the FAC calculations, we use the following configurations for each tin ion to get
our results. For Sn** we use the configurations 4d'°, 4d°4f1, 4d°5p?; for Sn°* 4p%4d°,
4p%4dB4 1, 4pS4dB5pt, 4p54d'Y; and for Sn®* we include 4pS4d®, 4p®4d74 1, 4p%4d"5pt,
4p54d°. This rather limited set of configurations was found to reproduce the atomic
structure with sufficient accuracy for the current analysis.

All major emission features in Fig. 4.5(a) can be attributed to 4d—5p transitions of
Sn**-Sn!%* jons. The codes’ results accurately match the observed features of the
spectrum. This type of transition (4d-5p) has been previously studied by Ohashi et
al. [24]. Our calculated atomic data results are in good agreement with that work.
We note that both in the work of Ohashi et al. and in the current work, no individual
line assignments were made as there are thousands of lines contributing to these
features, making line identifications of specific transitions effectively impossible.

In the same Fig. 4.5(a) we also plot a Planck curve for black body radiation to inter-
pret plasma emission in terms of thermal radiation. This curve shows the maximum
emissivity for any particular wavelength that can be achieved for thermal radiation
(i.e. from a blackbody emitter) at 32eV temperature. It has been scaled to match
the 13.5nm emission peak, where it is known that optical depth is significant and
locally we should expect to meet the Planck curve, following work by Schupp et
al. [14] on Nd:YAG-laser driven plasma. Clearly, the Planck curve is only met for
the largest optical depths, i.e. near the 13.5nm emission feature, as expected given
the large oscillator strengths near that wavelength. For any other wavelength, we
may expect the plasma to emit significantly less radiation per unit area, in line with
the results in Fig. 4.5(a). However, beyond ~75nm wavelength the Planck curve
instead lies below the actual emission spectrum, as becomes clear from Fig. 4.5(b),
which shows the same data as in panel (a) but for a larger wavelength range. As
also mentioned in Chapter 3, the QE correction inserts an uncertainty in the final
spectrum. More specifically in Fig. 3.6(a) of Chapter 3, we notice a strong dip in the
QE around ~100nm. This dip translates to a large intensity correction with a sys-
tematic uncertainty associated with it, given that the available QE correction curves
show a significant spread in this wavelength range (see Chapter 3). However, if we
accept that indeed the available QE curves represent the detector response to reason-
able accuracy, then an explanation for this effect could be that radiation in the VUV*
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Figure 4.5: (a) Normalized concatenated emission spectra of a 2-um LPP at 200 m] laser pulse
energy. The spectrum is corrected for exposure time, background, filter efficiency, and 1°¢
grating efficiency. Cowan and FAC calculation results for the 4d-5p transitions in Sn*"-Sn'**
are also presented as individual vertical lines, which were scaled (individually per charge
state) in amplitude for improved visibility. The dark purple curve represents Planck’s curve.
(b) Same spectrum as in (a) but with an extended wavelength axis.

and DUV* ranges are produced from a larger emitter, thus yielding higher intensity
light as recorded on the detector. We thus tentatively find evidence that the emitter,
“source” size increases in step with the emitted wavelength. To study this further,
spectrally resolved imaging of the tin laser-produced plasma would be very benefi-
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cial and would enable unambiguously establishing the source size as a function of
wavelength.

4.4 Conclusions

We presented a calibrated spectrum in the 6.5-264.5 nm range from a microdroplet-
tin plasma produced using a novel master oscillator power amplifier (MOPA) system
delivering ns-pulsed 2-um-wavelength laser light. The plasma emission spectrum
was obtained from a transmission grating spectrometer by concatenating spectra as
obtained from a series of filters, allowing avoiding higher diffraction orders. A com-
parison between spectra at various MOPA laser pulse energies was made, and we
observed that in all cases the dominant radiative contribution comes from the EUV
range (5—70nm). A relatively broad range of laser pulse energies (100-250 mJ) was
found to efficiently produce radiation in a 13.2-13.8 nm wavelength band that is use-
ful for applications in EUV nanolithography. Spectra from over- and underheated
plasma were also presented. The further comparison with a spectrum obtained from
plasma driven by a 1-um-wavelength drive laser reaffirmed the larger efficiency of
the 2-um laser for producing useful EUV radiation. The shorter 1-um wavelength
laser light was found to mostly produce more light in the 5-70 nm range, at the ex-
pense of emission in the useful 13.2-13.8 nm wavelength band. It was found that the
spectra more closely resemble each other for larger wavelengths beyond the EUV
range. We next identified key emission features in the ~15-37 nm wavelength band
using available Cowan code results combined with new FAC calculations, and found
that 4d-5p transitions in multiply charged Sn**-Sn!'** ions dominate the emission.
Upon comparing the emissivity with Planck’s curve for thermal emission, we found
evidence for an increasing plasma emission size with increasing wavelength in the
range beyond ~75nm. This finding calls for further investigations using spectrally
resolved imaging over a broad wavelength range.
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Chapter 5

Broadband EUV-VUV-DUV
imaging spectrometer comprising a zone plate
dispersion-matched to a transmission grating

Y. Mostafa®, Z. Bouza, J. Babenko, J. Byers, W. Ubachs, O. O. Versolato, and M.
Bayraktar.

Abstract

We present an imaging spectrometer comprising a transmission grating
and a zone plate, tapered to match the grating dispersion, for the achro-
matic one-dimensional imaging of plasma light sources in the extreme,
vacuum, and deep ultraviolet (EUV, VUV, and DUV) regimes. The de-
sign of the imaging spectrometer and the (nano)fabrication process is de-
tailed. First experimental results of imaging a laser-produced tin plasma
in the 5-75nm range are presented and compared to numerical simula-
tions of the imaging spectrometer’s diffracting elements. The effective
plasma size obtained from the imaging is shown to increase with emis-
sion wavelength.

IThe authors Y. Mostafa and Z. Bouza contributed equally to this work
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5.1 Introduction

The reliability, throughput, and efficiency of EUV lithography machines is depen-
dent on the characteristics of the EUV light source, which is currently a laser-produced
plasma (LPP) generated from microdroplets of tin [4, 9, 10, 5, 6, 7, 8]. This LPP emits
light from the soft x-ray to the visible region, with its emission maximizing in the
13.5nm + 1% “in-band” region where multilayer optic elements can be employed
to guide the light. For applications, it is beneficial to maximize in-band emission
compared to out-of-band emission [19, 20, 18, 23, 21, 22, 25, 24, 26, 27]. Out-of-band
(OoB) EUV light cannot be used by narrow bandwidth multilayer mirror (MLM) op-
tical systems employed in EUV lithography, but it can contribute to collector mirror
heating and ionization of ambient hydrogen stopping gas which can damage the op-
tics [32, 100]. Longer wavelength emission can also be reflected through the MLM
optical system and expose the wafer, reducing the pattern resolution [50, 51]. For
these and other reasons, it is critical to investigate the total conversion efficiency (CE)
of the system into the in-band region and understand the emission in the unwanted
OoB regions.

Two fundamental techniques for characterizing EUV plasma sources are spectroscopy
and imaging. The spectrum of a microdroplet-tin LPP in a 5.5-265.5 nm wavelength
range was recently obtained [100]. Such full-band spectroscopy provides impor-
tant insights on the relative intensities and origins of the various emission features.
However, the emission spectrum represents the average across the entire spatial dis-
tribution of the plasma and it is not possible to unravel which regions of the plasma
contribute to which ranges of the emission spectrum. The plasma is highly inho-
mogeneous in terms of its density and temperature, and different regions are in fact
expected to produce different emission spectra. Spatial information on the emission
can be obtained using pinhole imaging in tandem with spectral filters but such solu-
tions typically have poor resolution both in the spatial and wavelength domains.
More generally speaking, established imaging techniques are restricted to either
very broad wavelengths (e.g., pinhole imaging combined with a metallic filter) or
very narrow bandwidths (e.g., imaging using MLM reflective optics). Fresnel zone
plate (ZP) diffractive lens optics provide an alternative method of focusing EUV-
DUV light that is absorbed in all materials from which refractive optic lenses can
be manufactured [38, 39, 40]. Amplitude ZPs can be accurately fabricated using
nanofabrication techniques, and can be designed to operate as high-resolution fo-
cusing lenses for any arbitrary wavelength of light in the soft-x-ray to DUV region
[39, 106, 107]. The relatively poor transmission of a ZP is typically not a problem in
the present application given the high intensity of the emitted radiation. However,
ZPs are chromatic, focusing only a single wavelength, which has to be taken into
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account in the design of a diffractive imaging system [40, 106].

In this paper, we propose and demonstrate the design of a diffractive imaging spec-
trometer that uses a transmission grating in tandem with a one-dimensional zone
plate that is tapered to carefully match the grating’s dispersion. The imaging spec-
trometer is designed for achromatic one-dimensional imaging of plasma light sources
in the extreme, vacuum, and deep ultraviolet (EUV, VUV and DUV) regimes. First,
the design of the imaging spectrometer and the (nano)fabrication process of the ZP
is detailed. Next, first experimental results of imaging a laser-produced tin plasma
in the 5-75nm range are presented and compared to numerical simulations of the
imaging spectrometer’s diffracting elements. Independent verification experiments
of the image size and optical alignment are additionally performed. Lastly, the effec-
tive plasma size is obtained from the imaging and is shown to increase with emission
wavelength.

5.2 Design of the imaging spectrometer

A schematic of the optics arrangement of the proposed imaging spectrometer is
shown in Fig. 5.1. The top-down view in Fig. 5.1(a) shows the dispersion plane
where the incoming light is separated into different wavelengths by the grating and
detected on a charge-coupled device (CCD) camera of 2048 x512 pixels. The Fresnel
zones of the ZP are orthogonal to the dispersion plane, so that the measured spec-
trum is not influenced by the ZP. In practice, as will be explained in the fabrication
Section 5.2.3, there are periodic support bars to keep the integrity of the free-standing
absorber bars of the ZP. However, the width of these support bars is chosen to be
small compared to the width of the ZP, and the period of these support bars is cho-
sen to be much larger than the period of the grating. Therefore their contributions
can be neglected for the spectral analysis. The side-on view in Fig. 5.1(b) shows the
imaging axis of the imaging spectrometer. The incoming light passes unhindered
through the grating (diffraction due to the support bars of the grating is negligible)
and is focused by the zone plate in a point-to-point imaging configuration.

The focusing property of a ZP for performing imaging is simulated in Section 5.2.2.
In this simulation a plane wave at 13.5nm wavelength has been propagated through
15 Fresnel zones with dimensions chosen to form a focus at a distance 0.5m away
from the ZP. As can be seen in Fig. 5.2, a sharp focus forms as a result of interference
of waves from different zones. Such a simulation demonstrates the working of the
imaging spectrometer for a single wavelength. In the following, we will model how
to design a ZP to match the dispersion of a grating over a broad wavelength range
from 5 to 75 nm.
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Figure 5.1: Top-down (a) and side-on (b) view schematics of the imaging spectrometer setup.
(a) Top-down view shows how plasma generated light enters the spectrometer from the left,
passes through the different elements and then diffracts along the horizontal plane. (b) Side-
on view shows how in this orientation plasma light is simply imaged using the ZP in a point-
to-point imaging configuration.

Distance (m)

Figure 5.2: Propagation of a plane wave passing through 15 Fresnel zones (simulated). The
dimensions of the zones are chosen to form a focus 0.5 m away from the ZP (see main text).

5.2.1 Grating and zone plate theory

A schematic of a one-dimensional ZP that works for a single wavelength is shown
in Fig. 5.3(a). In this figure, r; ; (here i = 1) denotes the Fresnel zone radius of the
i'" wavelength and j'" Fresnel zone. The Fresnel zone radius is set by the focal
length and wavelength of the incident light. Therefore, for a multiwavelength ZP
matched to a grating, the focal length is fixed by the experimental setup but the
incident wavelength changes at different positions of the ZP. In Fig. 5.3(b), a multi-
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wavelength ZP is shown, apt for an increasing wavelength from left-to-right, and
as a consequence also the Fresnel zone radii. Such an increase in the zone radii,
shows itself as tapering of the designed ZPs. For an ideal multi-wavelength ZP,
a continuous taper is expected. On the other hand, in the fabrication of ZPs, the
structures are made in discrete steps, as schematically shown in Fig. 5.3(b). In the
following, it will be shown that these discrete steps are chosen to be small enough to
not significantly negatively impact the operation of the ZP, since the width of each
discrete step w; will be matched to the spectral resolution imposed by the grating.

(a) Non-tapered ZP (b) Tapered ZP

Figure 5.3: Schematic of different types of ZPs. (a) Non-tapered one-dimensional ZP. This
type of ZP is used to focus a single wavelength. (b) Tapered ZP. This type of ZP is used to
focus a range of wavelengths.

In designing a ZP that is matched to the dispersion of a grating, there are two aspects
of the grating to be considered. First aspect is the angular dispersion and second
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aspect is the spectral resolution. The wavelength that is diffracted to a specific angle
can be calculated using the grating equation.

mA = dsin(6) (5.1)

where m, d and 6 are respectively denoting the diffraction order number, grating
period and diffraction angle in normal incidence configuration. The spectral reso-
lution that can be achieved with a transmission grating consists of a dispersion and
geometric component, and the total resolution can be written as:

AN = /AN, + A2, (5.2)

where A)gs and A)g, are, respectively, the dispersive and geometric resolution

terms. Following Ref. [62],
Adgis = 4 ( A ) (5.3)

m \ Wsiit

where wg;; is the width of the slit. The dispersive resolution is determined by the
grating period and the width of the slit, and is independent of the distance from the
grating. However, the geometric resolution depends on the distance to the grating.
The geometric resolution on the ZP plane can be calculated as:

Adgeo = 4 (—AS il wsm) + 2 ( K ) (5.4)

m p1 m \p1 + D2

where p; and p; are the plasma-grating and grating-ZP distances as shown in Fig. 5.1.
AS is the estimated plasma size and K is the full-width-at-half-maximum of the con-

volution of wg;; across a pixel width wpigzer, ie. K = y/wg? + wfmal [62]. Now,

with the position of wavelength and spectral resolution of the ZP calculated using
Eq. 5.1 and Eq. 5.2, it is possible to calculate the zone radii of the ZP and the maxi-
mum achievable spatial resolution.

In the point-to-point imaging configuration of a ZP, the focal length f can be defined
using the lens makers formula in the thin lens approximation regime as:

1 10\
f= [pl + p2 * (5)] (5-3)

where ¢ is the distance from the ZP to the CCD (see Fig. 5.1). The radius of the N**
zone ry is given by the equation:

N

= 1N <f+T)' (5.6)



65

The spatial resolution Aw of a ZP with N zones is given by [40]:

Aw =2 (3) . (.7)

N

With a perfectly monochromatic light source, the spatial resolution is limited by the
numerical aperture (N A) of the ZP, and therefore by the maximum number of zones.
However, real sources, such as our plasma source, are broadband one but after the
emitted light passes through the transmission grating it can then be approximated
as quasimonochromatic with an associated bandwidth A\. Since zone plates are
based on diffraction, system performance is sensitive to source bandwidth. Any
deviation from the design wavelength of the ZP causes defocusing and worsening
of the spatial resolution. In order to maintain near diffraction-limited performance,
the magnitude of the focus shift A f due to A) should be less than the depth of focus
(DOF) of the system. This sets a limit on the useful number of zones (Np,q.) of the
ZP given by the following equation:

A

<
Nmarf A)\

(5.8)
Any number of zones beyond N,,,, do not contribute to the improvement of the
spatial resolution. The magnification M of the system can easily be calculated by

M = q/(p1 + p2)-

5.2.2 Simulation of zone plate wave propagation

Considering the complicated design of the aforementioned zone plates, numerical
simulations of free space propagation are implemented. Such implementation will
aid in understanding the response, resolution and limitations of the designed de-
vices.

The basis of the numerical simulations follows the work of Matsushima and Shimob-
aba [108] on band-limited angular spectrum method simulations. Employing such
simulations allows for the calculation of the free-space propagation of light, which
will be utilized to predict the diffraction of incident light on zone plates. Here, a
summary of the mathematical description is provided followed by the implementa-
tion of the numerical method to simulate the zone plate response. Finally, limitations
of the method and the chosen parameters are discussed.

In the simulations utilized in this chapter, we consider the propagation of a monochro-
matic planar source field at z = 0. The simulations aim to calculate the intensity of
the propagated wave at any defined distance zy along the propagation path of the
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initial plane wave. The intensity distribution in the z-y plane is calculated according
to the following mathematical construction.

According to the Rayleigh-Sommerfeld formula for a monochromatic source field
g(z,y, z) at z = 0 [109], the field at a distance 2 is calculated as

g(x,y,20) = g’y O)eiWTl@ LI da’ dy’ (5.9)
' o T\ 2 X

T r!

where 7' = \/(z — 2/)2 + (y — /)2 + 22. The corresponding solution can be rewrit-
ten as a two-dimensional convolution of the input field g(z,y,0) and a propagation
function h(x,y, z) defined as

i2mrA !
hz,y,2) = 5 f( L 1) (5.10)

roor\2mr QA

Following the work of Matsushima and Shimobaba [108], we assume circular sym-
metry of the transfer function and additionally impose a band limit, which truncates
the contribution of large (Fourier) frequencies in order to reduce sampling limita-
tions. With such frequency band limit, the numerical errors in long distance cal-
culations of propagating light are reduced. Without such a band limit, the whole
electromagnetic field propagation would need to be calculated, which presents a
large computational barrier. This band limit manifests itself as the multiplication of
a circular Heaviside function W in the frequency domain. Such circular band limit
reduces aliasing errors and high frequency noise in long distance propagation simu-
lations. We then arrive at the final solution for the field intensity.

9(@,y,20) = FH{U o Ho W} (5.11)
with o representing the Hadamard product, and
U=F{yg(z,y,0)} (5.12)
and
H = F{h(z,y, 20)}, (5.13)

where F{} denotes the 2-dimensional Fourier transformation and F~1{} is the in-
verse transformation. As is the advantage of the angular spectrum method, the field
propagation calculation is reduced to only two Fourier transformations. This allows
for a quick yet accurate simulation of the propagation of a pre-defined input field.

In Section 5.3.2, we utilize the propagation calculations described above to find the
intensity distribution at focal distance. Such calculations assume a plane wave input
field through the zone plate which in imaging applications may not hold fully. They
will, however, provide insight into the spectral and imaging capabilities of our setup
of a point source at -oo along the z-direction.
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5.2.3 Zone plate fabrication process

The free-standing ZPs are fabricated following the process steps presented in Fig. 5.4.
The fabrication process starts with a 400 um thick double-sided polished Si wafer
which is coated on both sides with a SizNy layer of 200 nm thickness by means of
plasma-enhanced chemical vapor deposition (PECVD). After that, a 200 nm lift-off
resist (LOR), also known as transfer layer, is spin-coated at 3000 rpm and then baked
for 5 minutes at 190 °C on a hot plate. Then a 1200 nm positive optical resist is ap-
plied with the same technique but different parameters (at 4000 rpm, 90°C for 1
minute). To define the high-resolution ZP patterns we use the optical lithography
technique. For the current fabrication, a 120m]J/cm? UV dose was chosen. The UV
light interacts and degrades only the regions of the optical resist that are allowed
by the in-use mask. As a next step, a solvent, also called developer, dissolves away
the parts that were exposed to UV light, leaving behind a coating where the mask
was placed. In that way the mask imprints its information onto the resist. Addition-
ally, the optical resist is etched vertically. Then the metalization procedure follows.
A 200nm XUV absorber layer of Au (deposition rate = 0.25nm/min) followed by a
15nm etch mask layer of Cr are deposited by metal evaporation using an electron
beam deposition tool. After that, the lift-off process is carried out by dipping the
sample in an acetone bath with ultrasonic vibrations for 15 minutes to form the top
absorber layer and the etch mask for patterning the SisNy layer.

At the back of the wafer, an optical resist is applied and its openings are defined
by optical lithography using 4cm x 2cm open windows. The optical lithography
is followed by fluorine-based reactive ion etching (RIE) of the SizNy layer on the
backside and an asymmetric wet etch process of 2 days in tetramethyl ammonium
hydroxide (TMAH) removing the bulk silicon and stopping on the top SizsNy layer.
The final step of the fabrication process is the dry etching of the Si3Ny layer from
the front side, using the Cr layer as a mask. More information about the fabrication
process can be found in other works [62, 63].

In order to keep the integrity of the free-standing absorber bars, periodic support
bars orthogonal to the absorber bars are included in the design of the ZPs. The
width of the support bars are 4 um with a period of 40 pum which are determined
based on separately fabricated test structures. The support bar period is also used as
the width of each wavelength step (w; in Fig. 5.3). The period of these support bars
is also chosen to be much larger than the period of the gratings (1.3 um). Therefore,
the effect of the support bars can be neglected for the spectral analysis.

The optical microscopy images of the fabricated non-tapered and tapered ZPs are
shown in Fig. 5.5(a) and (b), respectively. Fresnel zones in the horizontal direction
and support bars in the vertical direction are visible in both ZPs.
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Figure 5.4: Fabrication process for the free-standing ZPs. (a) SizNy is deposited using PECVD
on both sides of a 500 um thick (100) orientation wafer, followed by spinning a lift-off-resist
(LOR) layer and a positive optical resist layer. (b) The patterns of ZP zone bars are exposed
on positive resist and developed. The LOR has a faster etch rate in the developer than the
optical resist causing the LOR to under-etch. (c) 200nm Au and 15nm Cr is deposited using
evaporation. (d) Lift-off of LOR, optical resist and the metal layers they were supporting. (e)
SizNy4 on the backside of the wafer removed using dry etching and Si handle layer etched in
TMAH. SizNy acts as a TMAH stopping layer. (f) Exposed SizNy4 etched from the front using
dry etching, using the Cr layer as a hard mask, suspending the ZP zone bars.

(a) Non-tapered ZP (b) Tapered ZP

Figure 5.5: Optical microscopy images of ZPs. (a) Non-tapered ZP. (b) Tapered ZP.

5.3 Experiment

In this section, we first present the LPP light source and parameters of the imaging
spectrometer. Second, we present the imaging results with the ZPs, their comparison
with the simulations, and independent verification of the alignment of the ZP.
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5.3.1 Experimental setup

An1mm thick planar solid polycrystalline Sn target is mounted onto a 2D-translation
stage in a vacuum vessel of pressure of 10~¢ mbar. This solid target is irradiated by a
10-Hz Nd:YAG laser system (A=1.06 pm) of 6 ns pulse duration and a variable (~60-
120pm) full width at half maximum (FWHM) spot size at the planar target surface
depending on the needs of the measurements. The translation stage enables a step-
wise motion of the target to guarantee a fresh target spot after each series of ten
pulses. Additional details on the experimental setup based on solid planar targets
can be found in other works [13, 74].
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Figure 5.6: Three-dimensional rendering of the laser-produced plasma source and imaging
spectrometer experimental setups. The imaging spectrometer is placed head on to the plasma
and under an angle of 30° with respect to the propagation direction of the laser light. The
imaging spectrometer components grating and ZP are contained in a differentially-pumped
chamber followed by a bellows assembly and a long tube carrying a CCD camera.

The spectral emission measurements and the plasma images are obtained by the
imaging spectrometer at an angle normal to the target surface but 30° with respect
to the direction of propagation of the laser light. A 3D drawing of the experimental
setup is shown in Fig. 5.6. The imaging spectrometer is composed of a slit (not shown
in Fig. 5.6 for brevity), a grating, a ZP followed by a bellows assembly, a long tube,
and finally a CCD. The bellows assembly enables positioning the CCD at different
angles to capture different wavelength ranges.

The parameters of the imaging spectrometer in this experimental implementation
are primarily imposed by practical conditions, such as available vacuum chambers
and space. A summary of the parameters is listed in Table 5.1. We set the source-
to-grating distance (p;) at the minimum possible value determined by the size of the
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Table 5.1: Parameters used in the implementation of the imaging spectrometer using a
7801/mm grating and matched 780-ZP.

Parameter Value Explanation

D1 53 cm Source to grating distance
D2 5cm Grating to zone plate distance
q 110cm  Zone plate to CCD distance
M 1.89 Magnification

m 1 Grating diffraction order

d 1.3pum  Grating period

Wit 150pm  Slit width

AS 100pm  Estimated source size
Wpigel 13.5um  Pixel width

AN 0.8nm  Spectral resolution

Aw 10 pm Spatial resolution

plasma chamber. The chamber containing the grating and ZP is a modified version of
an available transmission grating spectrometer [63]. The grating to ZP distance (p2)
is mainly determined by the maximum available space in this spectrometer cham-
ber. Finally, the ZP to CCD distance (g) is chosen as the maximum distance available
on the used optical table, in order to maximize the magnification. We have cho-
sen a 780 lines/mm (1.3 pm period) grating that enables capturing the zero-order of
the grating and the wavelengths till 26 nm in a single CCD image, which is help-
ful in aligning and identifying the dominant 13.5 nm emission peak. The slit width
(wgiit) is chosen to maximize the spectral resolution at the ZP position. The source
size (AS), which is needed in calculating the spectral resolution, is estimated to be
around 100 pm, of the order of the laser spot size in the EUV regime (also see [15]).

Based on the parameters of the imaging spectrometer, ZPs for several grating types
and spectral ranges have been fabricated. For the experiments in this chapter, two
types of ZPs have been used. The first ZP type has zone widths and taper matching
the 780 lines/mm grating in the 5-80 mn range. In order to independently verify that
the image resolution is not compromised by the spectral resolution or misalignment
of the first ZP type, a second type of ZP is used that is designed for much higher
grating line density. Specifically, a ZP type that is matched to a 10 000 lines/mm in
the 7-17 nm range is used. We respectively denote these two ZP types as 780-ZP and
10k-ZP in the following.

The diffracted light from the grating and ZP is recorded on a back-illuminated CCD
from Greateyes (GE2048 512BI UV1), cooled to —20°C to reduce thermal noise. The
exposure time ranges typically between approximately 1-120 seconds depending on
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the wavelength range. Background frames were recorded for the same exposure
time as in the measurements with Sn plasma, and these images were then subtracted
from the recorded plasma emission to eliminate the read-out noise and dark counts.
The resulting CCD images are cropped and corrected for rotation introduced by a
slight misalignment of the slit with respect to grating/ZP and the CCD pixel array.
The calibration of the wavelength z-axis is performed using the geometrical param-
eters of the experimental setup following Eq.5.1.

5.3.2 Experimental results

In this section we show and discuss our experimental results using two different ZPs
in tandem with a 780 lines/mm grating. First, we use a tapered zone plate (780-ZP)
matched to the grating. Second, we validate the alignment of the imaging spectrom-
eter using the 10k-ZP, which will produce an image at a single wavelength depend-
ing on its z-position. We focus on a qualitative analysis of the obtained CCD images.
The experimental results will be used in next Section 5.4 to quantitatively assess the
emission area as a function of wavelength.

Fig. 5.7 presents a CCD image without using a zone plate. The plasma light in this
case passes only through the (150 um) slit and the (780 lines/mm) transmission grat-
ing (see Fig. 5.6) enabling the measurement of the tin LPP emission spectrum. In this
CCD image the strong emission near 13.5nm wavelength is immediately apparent.
Resolved, weaker emission features near, for example, 6, 22, and 25.5nm can read-
ily be assigned to the specific charge states of Sn ions, see Chapter 2 of this Thesis.
A further strong emission feature near Onm is due to undiffracted, zero-order light
passing through the grating.
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Figure 5.7: Spectrum of the tin LPP recorded by taking the ZP out of the beam path.
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Tapered zone plate matched to 780 lines/mm grating

First, we use the 780-ZP matched to a 780lines/mm transmission grating. This 780-
ZP is designed to image at wavelengths between 5 and 80 nm. Given the dispersion
of the 780 lines/mm transmission grating, the CCD will need to be moved in three
angular steps (see experimental setup) to enable capturing this full range. The range
of ~0-24 nm can be measured when the CCD is placed under an angle of 0° with re-
spect to zeroth diffraction order of the grating. (see Fig. 5.8 (a)). To measure a longer
wavelength regime [~24-47 nm - see Fig. 5.8 (b)] we put the CCD at an angle of 1°,
maintaining a small overlap with the previous position for inspection purposes. For
the even longer wavelength regime [~47-68 nm - see Fig. 5.8 (c)] we move the CCD
to an angle of 2°. Finally, for the last wavelength regime (~68-80nm) we move the
CCD by another degree to 3°. The contribution from this last CCD position is shown
in the ‘stitched” CCD image [~0-75nm - see Fig. 5.8 (d)]. We ensure that when we
move to the next CCD angle there is always an overlap wavelength region between
the new image and the previous one. In that way, the different CCD images can
reliably be ‘stitched’ together to create a full imaged spectrum from ~8-75nm (see
Fig. 5.8(d)). We note that this composite range is somewhat smaller than the speci-
fied design range of 5-80 nm which we attribute to a minor change in the distance
between the ZP and grating with respect to the original design. This minor change
is however nearly fully compensated by a small lateral (x-axis) repositioning of the
ZP as carefully verified in the experiments.

For the combined spectroscopic/imaging measurements of an LPP generated from a
Sn target, shown in Fig. 5.8, a 40 m] laser pulse with a FWHM spot size of 70 & 7 pm
was used. In more detail, Fig. 5.8(a) presents a CCD image taken under an angle
of 0° covering the 0-24.7 nm wavelength regime. No emission below 5nm can be
expected given the short-wavelength cut-off of the 780-ZP used. The corresponding
plasma image is found on the central line at a pixel number near ~280. The time-
integrated source size can next be extracted from the image as a function of emission
wavelength (see next Section 5.4).

Fig. 5.8(b) shows a CCD image taken under an angle of 1° with respect to the zero-
order light path in a wavelength regime of ~24.7-47.2nm. In this panel the 3™
diffraction order of the strong 13.5nm emission peak at ~40.5nm [100] is particu-
larly striking. The 3™ diffraction order is introduced from the in-use transmission
grating [63, 62]. Such higher order contributions to the image plane may complicate
image analysis. Therefore, given the strong emission near 13.5nm, there are some
wavelengths regimes that are particularly challenging to analyze, such as ~(40.5 &
5)nm (3" diffraction order of the 13.5nm) or ~(67.5 + 5)nm (5" diffraction order of
the 13.5nm).
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Figure 5.8: CCD images using a 780-ZP with 780lines/mm transmission grating at bellow
angles of (a) 0°, (b) 1° and (c) 2°. (d) Concatenation of the previous three images. Each panel
is normalized to its maximum to maximize the visibility of features in each image.

Next, Fig. 5.8(c) shows a CCD image taken under an angle of 2° presenting a wave-
length regime spanning ~47.2-68.2nm. A clear decrease of signal strength towards
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the longer wavelengths is observed in line with the experiments reported in Chapter
3 and 4 in this Thesis. We note that Figs. 5.8(a—c) were individually normalized for
optimum visibility of the emission features. Finally, Fig. 5.8(d) presents a concate-
nated CCD image in the wavelength regime of 0-75nm. In this panel an extra CCD
image taken under an angle of 3° (wavelength regime of ~68.2-75nm is included.
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Figure 5.9: Simulations showing CCD images of diffraction grating orders (780 lines/mm)
propagating through a tapered zone plate. Figure (a) shows the 1° order, (b) 3 order and (c)
5% order. The CCD image intensities of the 3 orders are scaled by the inverse of the square of
the order and the experimental spectral intensity. The summation is shown in (d) following
the amplitude scaling as discussed in the main text.

The response of the tapered zone plate design is studied through the propagation
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simulations described in Section 5.2.2. The result for diffracted light from a 780
lines/mm grating incident on a tapered zone plate for such a grating is shown in
Fig. 5.9. The input planar waves are scaled by the experimentally measured inten-
sities for each wavelength in the range 5-75nm. The first-order diffraction from the
grating is passed through the zone plate and the intensities at the focal point are cal-
culated and shown in Fig. 5.9(a). Similarly, the 3" and 5™ orders are simulated and
shown in Fig. 5.9(b) and Fig. 5.9(c) respectively. In order to be able to compare the
simulations results with the experimentally measured images, each order’s simula-
tion results are scaled by the inverse of the square of the order number as in a scalar
diffraction scenario which holds true in this case with short wavelengths (<75 nm) in
comparison to the grating period (1.3 um) ratio [110, 111, 62]. The scaled summation
of the orders 1, 3 and 5 is shown in Fig. 5.9(d).

On comparison of Fig. 5.8 and 5.9, we find very similar responses, even though our
comparison can only remain qualitative because the simulations are performed for
plane waves (effectively object at infinity). In particular the feature near 40.5nm
wavelength appearing in Fig. 5.9(b) is instructive. It supports the hypothesis that
this feature, observed in the experiments, is due to the diffractive focusing as well
as the higher ZP diffraction orders, of a third-order grating diffraction of light near
13.5nm wavelength. Contributions of the weaker fifth-order imaging of the dom-
inant 13.5nm feature are also visible in the experiments. We further note that the
horizontal (wavelength) width of the feature at 13.5nm appears to be narrower in
the simulations than is found in the experiments. The opposite appears to be the
case for the feature near 40.5nm which extends over a larger wavelength range in
the simulations. Further simulations of an emitting object of finite size are required
to more quantitatively assess the response of the imaging spectrometer. However,
the current good qualitative agreement supports our interpretations and allows for
further analysis.

Verification of image size and alignment

The observed image size can be influenced by the spatial resolution and alignment
of the spectrometer. One important contribution to the spatial resolution is the
monochromaticity or spectral resolution of the incident light. If the spectral reso-
lution of the incident light and the taper of the ZP is not matched, then the spatial
resolution will be larger than the design parameters and thus the source size may be
overestimated. This corresponds to chromatic aberrations in regular optical systems.
The same overestimation may also occur if the grating and ZP are not well aligned
with respect to each other. In order to verify that the spatial resolution and hence the
image size is not compromised by these two factors, we performed a measurement
with a ZP designed for a 10000 lines/mm grating in the 7-17 nm range. With this
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10k-ZP, a specific wavelength becomes in focus only when the angle and position
of the ZP matches the wavelength. In our experiments, we use this 10k-ZP with a
780lines/mm grating and a 150 um slit. The taper of this ZP is much less than the
780-ZP and requires a higher dispersion to image the full 7-17 nm wavelength band
in one position. When used with a 780 lines/mm grating that has a much lower dis-
persion, the match between the grating dispersion and the taper of the ZP quickly
degrades. Therefore, only a narrow wavelength band in the order of 1 nm moves
into focus. Other wavelengths can be brought in to focus simply by moving the ZP
in the z-direction.

Fig. 5.10 presents the images captured using the 10k-ZP at three different positions of
the ZP along the z-axis. Specifically, the wavelengths in focus are 8.6 nm, 12.5nm and
16.8nm in Fig. 5.10(a)-(c), respectively. Here, a laser beam of 40 mJ with a FWHM
of 70 £ 7m was used, same as in the measurements of Fig. 5.8. In all cases, we
notice that the area around 13.5nm is always brighter and this is due to the strong
emission peak of the tin LPP at this wavelength. Similar verification experiments are
repeated for several wavelengths. The images sizes calculated from the verification
experiments are compared to previous image sizes in the next section.

5.4 Discussion: Plasma size

The captured CCD images are analyzed to extract the time-integrated effective size
of the emission area at different wavelengths. Thus, a wavelength dependent source
size is obtained. We extract the wavelength-dependent size by means of Gaussian
fits to vertical lineouts of the CCD images. Investigating the vertical lineout on the
CCD provides the plane of the source as imaged by the zone plate.

As discussed and shown in earlier simulations (Fig. 5.9), the image plane not only
contains the image of the plasma, but also other overlapping diffraction orders re-
sulting from the grating and the zone plate. The zeroth and higher orders may, de-
pending on wavelength and diffraction efficiency, negatively impact our ability to
assess the source size from the first order. We therefore restrict our analysis to a
smaller wavelength regime, where no odd higher diffraction orders of the intense
13.5nm peak are present, well below 40.5 nm where the strong third-order contribu-
tion would dominate. Since at slightly lower wavelength we still have a considerable
third order contribution, we restrict the wavelength range for source size investiga-
tions to the 8-35 nm regime.

We find that a procedure using a three-Gaussian fit to the center diffraction feature
yields robust results. This procedure is based on the observations of the simulations
as in Fig. 5.9. The central peak in the image plane corresponds to the image of the
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Figure 5.10: CCD images using a 10k-ZP combined with a 780lines/mm grating at three
different positions of the ZP bringing in focus the wavelengths (a) 8.6 nm, (b) 12.5nm and
(c) 16.8 nm.

source itself, while the two adjacent peaks represent contributions from higher order
zone plate diffraction. This fitting procedure is then applied to the vertical lineouts
of the CCD image at various wavelengths. The Gaussian fits yield the position and
the (FWHM) size of the source. The calculation of FWHM size in um is based on the
estimated magnification (~1.8) of the system and the known pixel size of 13.5 um.
The resulting source size dependence on the wavelength is shown in Fig. 5.11 for a
limited wavelength range of 820 nm.

The choice of Gaussian fits is based on the experimental parameters of the studied
system. We illuminate the tin target with a laser beam with a Gaussian spatial profile.
It is expected that the plasma expansion results in a time integrated source with
a Gaussian profile. Through the fits in all the subsequently presented images, we
observe always a normal distribution of the source emission. The asymmetry of the
source image has been estimated through the skewness of the Gaussian fits to be
much smaller than pixel sizes. Consequently, in all the presented fits, the skewness
of the Gaussian is not considered.
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Figure 5.11: Source size characterization for a 40 m]J laser pulse with a focus size of 70 + 7 pm
FWHM diameter (grey line). The orange circles represent data taken using the 10k-tapered
ZP with 780lines/mm grating, while the black squares represent data measured with the
780-tapered ZP with 780 lines/mm grating. The error bars shown are based on estimation of
the systematic error (see main text). The blue line represents the diffraction limit based on
calculations for 780-ZP with a 780 lines/mm grating. The red line indicates the position of the
13.5nm emission peak of the LPP.

In Fig. 5.11 the source size analysis is presented first over a wavelength range limited
to 8-20nm. The black square points represent data measured with the 780-ZP. The
presented uncertainty error bars (~ 15-20%) are based on an analysis of the possible
systematic errors propagating from uncertainties in accounting for the local baseline.
We asses the robustness of our measurements and analysis by considering the source
sizes obtained from the 10k-tapered ZP used with the same 780lines/mm grating.
The orange data markers represent data taken with the 10k-ZP at various z-positions
(cf. Fig.5.10) providing image foci at corresponding discrete wavelengths, between
approximately 8 and 20 nm explaining the limited wavelength range of the current
comparison. We note that the two data sets are in agreement over the entire range
shown, which indicates the focal correctness of the alignment of the spectrometer
within the accuracy of the measurements. The blue curve represents the calculated
diffraction limit (Eq. 5.7) specifically for the 780-ZP. Clearly, all obtained source sizes
are much larger than the diffraction limit and there is no need for further correction
or deconvolution due to the diffraction limit.

After these additional experimental validation steps, we return to Fig. 5.11 to con-
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clude that for the studied wavelength regime, the source size increases in step with
emission wavelength. This increase of emission area with wavelength can be quali-
tatively understood on basis of a heuristic model of the emission from a hot surface,
with the temperature monotonically decreasing away from the core (cf. Fig.13 in
ref. [112]). More specifically, the temperature profile may be expected to follow an
approximately Gaussian shape given the Gaussian laser intensity distribution. We
observe the surface head on. The center of the surface would be hottest and is re-
sponsible for the emission of the shortest wavelengths, as these are emitted by the
higher charge states (cf. Chapter 2). It is necessarily the smallest region. The longer
wavelengths will be emitted from areas with lower temperatures. We would observe
this emission over a larger area, also from the center part as low temperature areas
are in line of sight in front of the hotter core. The emission area would thus increase
with wavelength, following the logic that the emission at ever larger wavelengths
originates from ever lower temperatures.

Besides this overall trend, there is a faint indication in our data of a modest drop
in the source size values at around ~12-13.5nm. This may be due to large optical
depth precisely near 13.5nm [49]. Further study would be required to unambigu-
ously identify any such effects.

We next expand the scope of our investigation to the larger 8-34.5nm wavelength
range and actively vary the size of the plasma emission area. We note that in this
wavelength range we avoid strong contributions from higher diffraction and imag-
ing orders. Three different source sizes are obtained by changing the size of the
beam spot by moving the focusing lens through focus. The laser energy is set to
maintain the effective plasma temperature as qualitatively obtained by inspecting
the EUV spectrum without the ZP. Fig. 5.12 presents data in this full range using
the 780-tapered zone plate matched to the 780lines/mm grating. The first source
size is obtained using a 40 mJ laser energy in combination with a beam’s FWHM of
70 £ 7pum (black square points in Fig. 5.12). The parameters for the second source
size are a laser energy of 80 m] with a FWHM of 86 + 9 um (green triangle points in
Fig. 5.12). For the third source size a 160 m] is used with a FWHM of 124 4+ 12 um
(yellow rhomboid points in Fig. 5.12). We note that the scaling of the laser pulse en-
ergy needed to maintain plasma temperature is monotonic as expected, and roughly
follows the expected quadratic scaling of the focus size, assuming that the effective
temperature is set by the average laser intensity. Any deviations from this scaling
may be attributed to uncertainties in establishing the laser focus size or the finite
energy step size in our studies.

Fig. 5.12 demonstrates that the source size monotonically increases with emission
wavelength over the full measured range, for all three cases shown. The three dif-



80 5. Broadband EUV-VUV-DUYV imaging spectrometer...

300 T T T T T
= 40m] — 70pm (FWHM)
250 - 4 80mJ — 86pum (FWHM) .
—_ 160m)J 124pm (FWHM)
g_ 200  — Diffraction limit i
e | — 13.5nm b il N
N ¢ & A e
o R AA.H‘ o ¥
2 Sl = il el it AL
3
3 100 2o 2 o i -
50 -
0 1 L 1 L 1 L 1 L 1 L
10 15 20 25 30 35

Wavelength (nm)

Figure 5.12: Source size measurements. All data were taken with a 780-tapered ZP with a
780lines/mm grating. The black squares are taken with a laser energy of 40 mJ] and a FWHM
of 70 &+ 7um (grey line), the green triangles for 80 mJ and FWHM of 86 £ 9 pm (green line),
and the yellow rhomboids for 160 mJ] and FWHM of 124 + 12 pm (yellow line). Uncertainties
(error bars) are as in Fig.5.11, also see main text. The blue curve represents the diffraction
limit based on calculations for 780-ZP with a 780 lines/mm grating. The red line indicates the
position of the 13.5nm emission peak of the LPP.

ferent laser focus conditions appear to share a common source size for the shortest
wavelengths. Beyond approximately 14 nm however the three cases become clearly
distinguishable with the emission size increasing in step with the size of the laser
focus.

This increase of emission size with the laser focus is expected as the size of the
plasma area with a sufficiently high temperature increases with the laser spot size
(when maintaining laser intensity). However, inspection of Fig. 5.12 suggests that
the scaling of the emission area with laser spot size is more complex and a quanti-
tative assessment would benefit from detailed radiation-hydrodynamics modeling.
In particular, we note again that the size of the emission area for the shortest wave-
lengths appears to not be dependent on the laser beam size. This is a surprising
finding also in light of previous investigations by, for example, Schupp et al.[15]
who concluded that the observed increase in conversion efficiency with increasing
target size could be explained from an increase in laser-target overlap and, thus,
emission area. We note that in our current measurement the geometric overlap of
the laser pulse with the target is complete. Further, detailed analysis of the emission
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area near the important in-band region is required to resolve this observation, which
is in principle possible with the present imaging spectrometer.

5.5 Conclusions

We presented a novel imaging spectrometer where we combined a 780lines/mm
transmission grating and a zone plate, tapered to match the grating dispersion. The
design of the imaging spectrometer and the (nano)fabrication process was detailed.
We next demonstrated achromatic one-dimensional imaging of plasma light sources
in a 8-34.5 nm wavelength range. The obtained images were compared to numerical
simulations of the imaging spectrometer’s diffracting elements. Finally, we obtained
the effective size of the emitting medium of an Sn LPP and showed that it increased
with emission wavelength in line with heuristic arguments. Also, the emission area
overall increased with laser spot size as expected.

We expect that the imaging spectrometer will find application in assessing the emis-
sion sizes of plasmas generated from tin microdroplet targets as used in the indus-
try. It may be employed to further investigate the origins of the relatively strong
DUV emission found in Chapters 3 and 4 of this Thesis. Improvements to the cur-
rent design may be made. In particular, suppression of the higher-order diffrac-
tion/imaging contributions would be beneficial and could be enacted by adding
suitable filters (cf. Chapter 3) or by actively blocking higher imaging orders. In
addition to these improvements to the imaging, the current CCD could be replaced
by a gated microchannel plate (MCP) which would enable time-resolved imaging.
Such time-resolved imaging would be highly beneficial for better understanding the
dynamics of the highly transient plasma.
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Conclusions

This Thesis explored the spectral and spatial characteristics of laser-driven plasma
sources of EUV light. The work reported in this Thesis mainly focused on the out-
of-band radiation produced by tin laser-produced plasma, in contrast to most of the
available literature — which covers mostly the wavelength range close to the in-band
radiation near 13.5nm. Out-of-band radiation can provide key insights into the pro-
duction of EUV light, and is by itself of particular interest as certain wavelength
ranges may be detrimental to the lithography processes. For our work, we carefully
calibrated the intensity response of a transmission grating spectrometer and added
novel imaging capabilities to the spectrometer. In the following, the main conclu-
sions from each Chapter are first separately formulated, and next synthesized into
Thesis-overarching conclusions as well as an outlook.

In Chapter 2, emission spectra from Sn>*-Sn'** ions are presented as measured from
an electron-beam ion trap (EBIT) and from laser-produced plasma (LPP) in the 12.6—
20.8nm wavelength regime encompassing the 13.5nm emission used in modern
nanolithography. Emission line features were identified in the EBIT spectra using
the Cowan code. We newly identified 4d-5f and 4d-6f transition arrays in Sn®* as
well as 4p-4d transitions in Sn°*. Next, the EBIT spectra were used to assign con-
tributions of specific charge states to the tin LPP emission spectra. Emission spectra
were obtained from plasma produced from both a liquid microdroplet and a pla-
nar solid target. For the planar solid Sn target, the 4d-5p transitions of Sn®*-Sn!%*
ions were found to dominate. Transitions of type 4d-4f + 4p—4d appeared as self-
absorption dips in the spectra. For the droplet target, we found a clear evolution of
the charge-state distribution with laser intensity — with the transitions apparent in
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emission, not absorption. The study demonstrated that out-of-band emissions may
be employed to individually monitor charge states that strongly contribute to the
unresolved transition array at 13.5 nm.

In Chapter 3, a fully calibrated spectrum from a microdroplet-tin plasma driven by
1-um laser light under conditions relevant for the production of EUV at 13.5nm for
nanolithography is presented in the 5.5-265.5 nm wavelength regime. The spectrum
was obtained using a transmission grating spectrometer equipped with a series of
filters. We carefully calibrated the gratings and the filters to enable measurements
free of any higher diffraction orders. The dominant remaining uncertainty stems
from the correction for quantum efficiency of the CCD camera. The now fully cal-
ibrated spectrometer provides access to previously inaccessible out-of-band wave-
length ranges, and may in the future be used to optimize industrial EUV sources.
In fact, over the course of the project, the calibrated spectrometer was employed to
diagnose the tin-disk discharge source at TNO Delft as well as the Xe-gas discharge
source at ASML Research in Veldhoven.

In Chapter 4, a fully calibrated spectrum from 6.5 to 264.5 nm from a microdroplet-
tin plasma driven by 2-pum laser light is presented. First, 2-pm LPP spectra are shown
from overheated and underheated plasma. In all cases the dominant radiation was
emitted in the 5-70 nm wavelength band, while the useful range of 13.2-13.8 nm for
applications in EUV nanolithography was produced efficiently. Next, a 2-um LPP
spectrum is compared to the 1-uym LPP spectrum as presented in Chapter 3. This
comparison demonstrated that the 2-pm case offers higher efficiency to produce light
in the 13.2-13.8 nm EUV regime. From available calculations (using Cowan and FAC
atomic codes) we found that 4d-5p transitions in multiply charged Sn**-Sn'%* domi-
nate the emission spectra of both 1- and 2-um in the ~15-37 nm wavelength regime.
The spectrum showed evidence that the plasma emission size should increase with
increasing wavelength beyond ~75nm.

In Chapter 5, the development and commissioning of a novel imaging spectrome-
ter, which combines one-dimensional imaging with spectral measurements, is pre-
sented. This spectrometer combines a transmission grating with a Fresnel zone plate.
This zone plate was engineered, using nanofabrication techniques, to have variable
zone widths to match the grating dispersion. Using the newly developed imaging
spectrometer, we recorded the emission from LPP generated from a solid tin tar-
get over a wide, ~5-75 nm wavelength range. The observed imaging characteristics
were compared to numerical wave propagation simulations, which enabled, e.g.,
verifying the presence of higher imaging orders. From the recorded spectral images,
we obtained strong evidence of increasing plasma emission size with wavelength, in
line with the findings of Chapter 4.
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Looking forward, the imaging spectrometer could benefit from further expanding
the calibration efforts to include the detailed calibration of the Fresnel zone plate,
as well as the in-use CCD camera response. Further envisioned developments in-
clude the replacement of the CCD with a gated microchannel plate to facilitate time-
resolved imaging. The imaging would also benefit from the suppression of higher
imaging orders, by for instance adding suitable filters or apertures — or optimizing
the zone plate design. For application purposes, the size and weight of the vacuum
chamber and its connections should be further optimized.

The commissioning of the newly developed spectrometer marked the key milestone
of this Thesis. It enabled us to firmly establish that the size of the emitting area of
the plasma, as produced on a solid tin target, is a function of the emission wave-
length. The imaging spectrometer should next be employed to study the radiation
produced from laser-driven tin-microdroplet plasma, to see if also here the plasma
size increases with wavelength. We envision that the apparatus will first be mounted
on one of ARCNL's solid-state-laser-driven plasma light sources. The spectrometer
may also yield important insights for current industrial CO3-gas-laser-driven EUV
light sources.
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