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ABSTRACT

We present a combined 1D imaging and broadband spectroscopy tool for analyzing laser-produced plasma sources of extreme ultraviolet
light using a tapered zone plate that is dispersion-matched to a transmission grating. Specifically, we follow up on prior work [Mostafa et al.
Opt. Lett. 48, 4316 (2023)] to obtain the actual spectral and spatial resolution of the imaging spectrometer and compare it to the design values.
The imaging spectrometer is shown to have a spectral resolution of 1.2 nm at 13.5 nm, close to its design value, by assessing spectra obtained
from carbon laser-produced plasma in a 5-180 nm wavelength band. The spatial resolution was obtained by placing slits near the object plane
and back-illuminating the slit with a tin laser-produced plasma and found to be 17(5) um, somewhat larger than the design specifications but

still well within design limits for use for diagnosing plasma.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0226426

I. INTRODUCTION

The emission spectrum of extreme ultraviolet (EUV) light
sources for state-of-the-art lithography machines is of key impor-
tance for the lithographic process.”” EUV light is currently obtained
from laser-produced plasma (LPP), in turn generated from micro-
droplets of tin.”® This tin LPP emits light over a wide wavelength
region’ ranging from the soft x-ray to the visible regime and beyond.
Its emission peaks in the 13.5 nm + 1% “in-band” region where
multilayer mirrors can be employed.” Out-of-band light in the EUV
range may contribute to mirror heating and ionization of ambient
gases. Longer-wavelength emission, for example, in the ultraviolet,
may still be reflected by the optics and reduce imaging contrast™’
if the light indeed is captured by the etendue and is transmitted
through limiting apertures. A complete understanding of the plasma
emission in both spectral and spatial terms is required to assess
the impact of any changes in the plasma “recipe,” part of ongoing

optimizations, on the overall lithography machine performance.
Thus, a combined imaging and spectroscopy approach is required
over a wide wavelength range.

Recently, Mostafa et al.!” presented a novel imaging spectrom-
eter operating across a broad 5-80 nm range that would enable
obtaining such a complete understanding of plasma emission. This
novel device employs a transmission grating in series with a set of
one-dimensional (1D) zone plates'"'” that are individually matched
(tapered'®) to a particular wavelength set by the grating disper-
sion. It is designed for 2D imaging of plasma light sources in the
extreme, vacuum, and deep ultraviolet regimes. However, the pre-
cise values for the obtainable spectral and spatial resolution were
not addressed and instead, only theoretical, idealized values for the
resolution values were provided.

In this work, we employ the developed imaging spectrometer
and provide experimental evidence for the spectral and spatial res-
olution. To obtain the spectral resolution, we laser-irradiate a solid
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carbon target to form a plasma with well-known and well-resolved
spectral lines. For the spatial resolution, we employ various slits
placed near the object plane and subsequently back-illuminate them
with a larger plasma that is laser-generated from solid tin.

For the spatial resolution, we consider a 5-180 nm wave-
length band. For the spectral resolution, we focus our studies on the
9-25 nm wavelength range, which is the range in which by far the
dominant part of the radiative power sits.

Il. EXPERIMENTAL SETUP

Figure 1(a) shows a schematic view of the setup, demonstrating
the laser impacting a solid target. In the following, we closely adhere
to the description of Ref. 10. In brief, a Nd:YAG laser (Continuum
Surelite-I) operating at its fundamental 1.064 um wavelength irra-
diates carbon or tin targets mounted onto a 2D translation stage in
a vacuum chamber held at 10™° mbar. We irradiate the targets at
a 10 Hz repetition rate while regularly moving the stage to prevent
hole burning. The laser beam has a temporal FWHM of ~6 ns and
a round focus with a spatial FWHM of 60 um achieved using a lens
with a focal length f; = 300 mm. We set the laser power density in
the range 1-10 x 10"" W/cm? for the measurements shown in this
work unless otherwise specified.

The imaging spectrometer is mounted at —30° with respect
to the laser beam propagation axis [cf. Fig. 1(a)]. Figures 1(b)
and 1(c) show the spectroscopy and the imaging axis, respectively.
At a distance p, = 53 cm, a slit with a width of A =150 um is
used in combination with a 780 lines/mm transmission diffraction
grating to disperse the light. The diffracted light impacts a set of
1D-wavelength-tapered zone plates at a distance p, =5 cm from
the diffraction grating. The zone plates image the source onto a

plasma
object slit

o
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FIG. 1. Experimental setup. (a) Schematic 3D overview of the experimental setup,
(b) top—down view showing the spectrometer axis (x-axis), and (c) side view show-
ing the imaging axis (y-axis). Additional slits placed near (3 mm in front of) the
object (plasma) plane enable obtaining spatial resolution (shown only in panel (c)
for clarity). The figure was modified with permission from Mostafa et al., Opt. Lett.
48, 4316-4319 (2023). © 2023 The Optical Society.
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back-illuminated Greateyes CCD (GE2048 512BI UV1) at a distance
q = 110 cm. The CCD has square pixels with a 13.5 um edge length.
This combination of distances results in a magnification M = 1.9.
Further design considerations and fabrication process steps were
extensively described previously'’ and will not be further addressed
in the following.

The slit in front of the grating is constant at 150 pum for all
measurements. We note that in prior publications (Refs. 14-16 and
references therein), a smaller slit width of 50 um was used for the
measurements with 10000 lines/mm grating; for ease of internal
comparison, a constant 150 pum slit width was used here instead.'’

Overall, the CDD images show a finite tilt angle of ~1°-2°
The angle is due to the sum of tolerance of the angular alignment
of grating vs slit vs zone plate vs CCD camera, with the dominant
contribution stemming from the relative angle between grating and
CCD. The rotation is corrected before any subsequent analysis is
performed by rotating the full image.

Ill. RESULTS AND DISCUSSION
A. Spectral resolution

To obtain the spectral resolution of the imaging spectrometer,
a carbon target is selected. Plasma produced from a carbon target
is well known to exhibit distinct peaks originating from multiply
charged carbon ions produced in the plasma. Figure 2(a) presents
the results of the measurements taken with 100 m] laser pulses yield-
ing a laser power density of 5 x 10" W/cm?. In these measurements,
the Fresnel zone plate was removed from the light path, and no
object slit was used (see below Sec. III B). As a side note, adding
such a slit near the object plane may improve the spectral resolu-
tion, cf. Eq. (1), by reducing AS following the equation to obtain the
wavelength resolution:

2 2
A\I [a(asea, KL (24
m J41 p2t+q mA

In the current measurements, we use 780 and 3000 lines/mm
gratings. Consistent with Fig. 1(c), we use inputs d =13 pm
and 330 nm as grating periods of 780 and 3000 lines/mm grat-
ings, respectively. Furthermore, we use m = 1 as the grating order,
AS =100 pm as the estimated source size (see below), and the other
parameters p,, p,, g, and A as given in Sec. I Finally, K is the
FWHM for the convolution of A across pixel size as explained in
Ref. 17. The results from Eq. (1) for the two gratings are plotted as
solid curves in Fig. 2(b).

Figure 2(a) shows a typical spectrum for both gratings, exhibit-
ing several well-resolved line features. The most intense line at
13.5 nm (and 11.4-12.1 nm) is only observed at the current high
laser intensity [spectra taken at 5x lower energy (not shown in Fig. 2)
show no feature at that wavelength] and can be assigned to (highly
excited states in) C VI following the NIST database.'® Other distinct
features, such as at 81, 86, 90, and 102 nm wavelength, may tenta-
tively be attributed to C II, and at 95 and 125 nm, we assign lines to
neutral C . These C I and C II lines are also present at the afore-
mentioned 5x lower laser intensity, in line with the assignment to
low charge states. The line features mostly comprise multiple elec-
tronic transitions, which, however, all lie so close together as to not
negatively impact the observed resolution. For the current study,
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FIG. 2. Spectral resolution. (a) Spectra obtained from C LPP using 100 mJ pulses
(see the main text) using 780 and 3000 lines/mm transmission gratings. Insets
highlight the quality of the fits for two example cases. (b) Spectral resolution as
obtained from fits to spectral features shown in panel (a) for the two gratings (only a
single point was obtained for the 3000 lines/mm grating). The solid lines represent
predictions from Eq. (1) for the two gratings.

we do not seek a full assignment to all observed transitions, as the
objective is to only obtain the width of the distinct line features
for calibration purposes. We note that higher diffraction orders are
also clearly visible, dominated by the third order (cf. Refs. 7, 10,
and 17) for the 780 lines/mm grating and the second order for the
3000 lines/mm grating. The absence of a second-order diffraction
in the 780 lines/mm grating is explained by the excellent fabrication
quality, which produces a precise 50/50 duty cycle grating that yields
no even diffraction orders.'” Minor aberrations in the fabrication of
the 3000 lines/mm grating due to smaller feature sizes are thought to
contribute to a less than perfect cancellation of even orders.
Returning to the objective of obtaining line widths, insets (al)
and (a2) show results of fits to line features to highlight the qual-
ity of the Voigt fits. We opt for Voigt fits as this enables a more
accurate representation for the actual data. The Lorentzian part of
the Voigt may originate from the instrumental response function
directly or may be due to atomic line broadening in the plasma, with
the current resolution not allowing one to single out the cause. We
study a more limited wavelength space for the 3000 lines/mm grat-
ing, which is set by the acceptance angle of the bellows system (same
for the 780 lines/mm grating). Figure 2(b) shows the overview of the
fit results at selected, strong, and sufficiently well-separated emission

pubs.aip.org/aip/adv

peaks, which for the 3000 lines/mm grating yields but a single entry.
We note that the FWHM of the less intense peak below 12 nm (see
inset in Fig. 2) is clearly larger than 1.19 nm, due to the existence of
the two families of C VI emission lines around 11.38 and 12.05 nm;
hence, it is not included in Fig. 2(b). The error bars are of a system-
atic nature given the dependence of the fit results on the value of the
baseline and the precise line shape (Gauss vs Lorentz vs Voigt) that
is used for fitting. More specifically, the shown error bars present
the averaged relative root-mean-square variation in fit results using
(i) Gaussian fit without baseline subtraction, (ii) Gaussian fit with
baseline subtraction, or (iii) Voigt fit with baseline subtraction. The
statistical uncertainty is negligible in comparison in all cases. Over-
all, a good agreement between predictions from Eq. (1) and the data
are obtained, validating the expected wavelength resolution. Some
deviation may be identified for the shortest-wavelength data points
for the 780 lines/mm grating with the spectral resolution slightly
underperforming with respect to the expectations. We note that the
input for AS was taken to be 100 pm (in line with Sec. I1I B below
for Sn plasma) but was not obtained directly experimentally for the
carbon measurements. Given that the laser pulse energy was reason-
ably high and that the carbon lines observed mostly originate from
low C charge states (residing in colder plasma at the periphery), we
may expect significantly larger source sizes AS for the current data.
In fact, a 200 um source size would bring all experimental data into
excellent agreement with the predictions from Eq. (1).

B. Spatial resolution

The spatial resolution is set by the zone plate dimensions and
the spectral resolution of the grating, as it will be explained in the
following. The radius 7;, of the nth zone of the ith zone plate,

dispersion-matched to the A wavelength, is determined by

Xi
(2. 2
P2+ X

where f is the focal distance, d is the grating period of the
780 lines/mm grating, and p, and q are as previously described.
The spatial resolution of the imaged source, ignoring wavelength
bandwidth considerations, is determined by

Aw = Af [2r. 3)

Tin = n)t,-(f + %) with ;i =d 2)

To maintain near-diffraction-limited performance, the magnitude
of the focus shift Af due to the finite wavelength resolution AA
(theoretically being 0.8 nm at 13.5 nm for the used grating) should
be less than the depth of focus (DOF) of the system. This sets a limit
on the useful number of zones of the ZP given by N < A/A)l. Any
zones beyond this number do not improve the spatial resolution.
In the following, the number of zones N at each wavelength A; is
set to achieve a constant spatial resolution across all wavelengths,
Aw =10 um (this value increases modestly to 12 pm if the wave-
length bandwidth is also considered). For the current 780 lines/mm
grating, the zone plates were fabricated with a minimum width of
~10 um (~ Aw), which is sufficient not to be limited in the resolu-
tion by the feature size. We note that the design choices are highly
interwoven, with a higher resolution grating enabling higher spatial
resolution in step with wavelength resolution. Given the capabili-
ties to produce zone widths below 2 pm, a spatial resolution better
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than 3 pm would be achievable in principle using a 10 000 lines/mm
grating. However, higher-resolution gratings would reduce the spec-
tral window provided for a single CCD position, and the current
design presents a trade-off among sufficient magnification, spectral
range, and resolution, taking into account limitations for the current
implementation.

In Fig. 3, the results of the spatial resolution measurements are
presented, taken from a Sn plasma that is produced with 40 m] laser
pulses. Figure 3(a) shows a CCD image, spanning an approximate
9-25 nm wavelength range, of the produced plasma in the absence
of any slit placed near the object plane. The spatial resolution
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FIG. 3. Spatial resolution. (a) Sample CCD image obtained from Sn LPP (see the
main text) with no additional slit installed near the object plane. (b) Vertical lineout
of data shown in panel (a) at 13.5 nm wavelength corresponding to the brightest
feature. (c) Sample CCD image obtained from Sn LPP with a 25 um slit installed
near the object plane. (d) Vertical lineout of data shown in panel (c) at 13.5 nm
wavelength. Panels [(e)-(g)] show vertical lineouts of data shown in panel (b) at
13.5 nm wavelength for various x-axis positions of the zone plate to enable finding
the optimum focus. Panel (f) also shows a typical fit of three Gaussians and a
constant background (see the main text). (h) Spatial resolution as obtained from
fits to vertical lineouts from panels (a), without a slit, and (c), with a 50, 25, and 10
um slit near the object plane. Only every second error bar is plotted for clarity. The
solid lines represent the respective slit sizes.
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measurements are focused on this specific wavelength band that
can be captured in a single CCD position, avoiding experimental
challenges in precise alignment and image stitching at various CCD
positions. The horizontal band at the center of the CCD images cor-
responds to the wavelength-resolved 1D image of the plasma focused
by the zone plate. Figure 3(b) shows a vertical lineout of panel (a) at
13.5 nm wavelength. The position labels in Fig. 3 are in terms of
the object plane, taking into account the pixel size of 13.5 um and
dividing by the magnification factor 1.9. The approximate width of
the central peak in Fig. 3(b) is in the order of 100 um, which is well
above the 5.3 um spatial resolution (at the object plane) design of the
imaging spectrometer.

To study spatial resolution, we insert additional slits of various
sizes (10, 25, and 50 um) near the object plane, as close as possi-
ble to the plasma. In practice, it was possible to place the additional
slit at a 3 mm distance to the plasma to allow irradiating the tar-
get without clipping the drive laser beam. Figure 3(c) shows a CCD
image with the setup now incorporating a 25 um slit. Figure 3(d)
shows a vertical lineout of panel (c) at 13.5 nm wavelength. The
additional features introduced by adding the 25 um slit compar-
ing Figs. 3(b)-3(d) are explained by the smaller illumination source
allowing studying fine features of the zone plate diffraction, in line
with the simulations shown in Ref. 10. For optimal imaging of the
plasma (or object slit if applicable), a fine adjustment of the distance
between the zone plate and plasma (or CCD camera) is typically
required. However, our setup does not allow such adjustment along
the z-axis (cf. Fig. 1). In the case of our tapered zone plate aligned
behind a dispersive element, the focusing condition can instead be
manipulated by translating the zone plate along the x-axis which,
due to the inherent chromaticity of the zone plate combined with the
dispersion of the prior optic element, will enable partly modifying
the focusing condition. Figures 3(e)-3(g) showcase the dependence
of the imaging on the position of the zone plate along the x-axis in
an effective through-focus scan. The zone plate position at 4900 (this
number, in ym units, is derived from the position encoder of the
piezo-motor) is used for fitting as it best resolves the center peak
from side bands, that is, the image of the source, cf. Fig. 3(d) for the
case of a 25 pm slit. Panel (h) in Fig. 3 shows the FWHM value of
the center Gauss from the three-Gaussian fits for the cases without
slit and with 10, 25, and 50 um slits. The error bars are derived from
uncertainties of the fits. No further systematic uncertainties are iden-
tified or added to the figure. Without a slit, the size of the emitting
area is clearly seen to increase with wavelength, in line with previ-
ous observations. For completeness, we repeat the interpretation'’
here that the observation is explained considering emission from a
hot surface with the temperature reducing away from the core. The
center of the plasma is the smallest and hottest region of the plasma,
responsible for the emission of the shortest wavelengths, as these are
emitted by the higher charge states. Longer wavelengths are expected
to be emitted from areas away from the core where the temperature
is also lower.

Next, we find that when restricting the source size, for the 50
and 25 um slit, there is an excellent agreement between the slit size
and average extracted value for the resolution, given the results of
49(5) pum (for the 50 pm slit), which indicates a spatial resolution
better than 10(5) pum, and 32(6) pm (for the 25 um slit) with a
20(8) um value that is consistent with the value for the larger slit.
The smaller 10 um object slit furthermore yields a consistent value
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at 20(5) um value. We thus find a resolution averaging at 17(5) pum,
which is somewhat larger than our prior calculations. We attribute
this difference to the fact that we are unable to place the object slit at
the plasma position (the object plane) but 3 mm away from it toward
the grating and CCD. Part of this effective defocusing is negated by
carefully aligning the zone plate in x-direction, but it is only pos-
sible to fully eliminate it by adjusting the z-distance. Furthermore,
the experimentally extracted 1.2 nm spectral resolution was larger
than the 0.8 nm theoretical spectral resolution that is used to cal-
culate the theoretical spatial resolution and design the zone plates.
Such a larger wavelength resolution causes larger spatial resolution.
The extracted spatial resolution is further impacted by the 13.5 pm
pixel size being close to the design resolution in the image plane of
~10 um, which can be improved by having a higher magnification in
the future. Separately, finite zone plate fabrication imperfections and
remaining (rotation, tilt) misalignments may negatively impact the
obtainable spatial resolution. Nevertheless, with the demonstrated
imaging resolution combined with spectroscopy, we have produced
a valuable, unique tool for diagnosing plasma in broad wavelength
ranges.

IV. CONCLUSIONS

We demonstrated the spectral and spatial resolution of a 1D
imaging and spectroscopy tool for the analysis of LPP sources of
EUV light. The tool combines zone plates with tapered zone widths
to match the dispersion of transmission gratings to cover a broad
spectral range demonstrated previously in the 5-80 nm range'’ and
here in the 9-25 nm range to quantify its spatial resolution. The
spatial resolution is found to be 17(5) um slightly larger than the
design specifications, mainly due to alignment challenges in the
current implementation but well below the resolution required to
diagnose laser-produced plasma (which extends typically several
100 pm'?). The presented imaging spectrometer has the capability
to reach a spatial resolution better than 3 pm, given the zone widths
below 2 um can be fabricated using more advanced microfabrication
techniques. Having demonstrated the working principle and quan-
tified the spatial resolution here, the imaging spectrometer may find
applications in the plasma light source characterization studies in
the nanolithography, metrology, and other short wavelength light
source development fields.
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