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The continuous shrinkage of critical dimensions in nanofabrication demands
nanometrology at the relevant resolution, which can be achieved using short-
wavelength light sources. Most industrial metrology uses periodic structures
for process control, exploiting diffraction to probe the fabrication quality of
actual device structures. Here, we introduce a table-top high-harmonic gen-
eration extreme-ultraviolet scatterometry with broadband illumination. Our
method exploits the spectrally resolved 0™ diffraction order of the extreme-
ultraviolet light, which, while lacking spatial-encoded information, carries
valuable spectral information and offers high diffraction efficiency. The use of

relative reflectivity removes the need for absolute calibration, and rigorous
coupled-wave analysis simulations underpin a library-based reconstruction
approach, yielding single-nanometer accuracy for groove height and 10 nm
accuracy for critical dimensions. Our work demonstrates broadband extreme-
ultraviolet high-harmonic-generation 0™ order scatterometry that delivers
fast, reliable, non-destructive metrology for structures with at-wavelength
features, providing sensitivity and accuracy for details far below the diffrac-

tion limit.

The recent development of nanostructure fabrication has significantly
advanced both science and technology' >, and nowadays constitutes
the core of high-performance processors. The current state-of-the-art
fabrication techniques rely on nanolithography. Interference litho-
graphy research tools have achieved reliable patterning of features
down to 5nm on Silicon wafers®. In high-volume manufacturing the
newest node release is called the 2 nm technology node*¢, which has
metal pitches of about 20 nm and contacted gate pitches of about
45 nm (the “2nm” in the name itself does not relate to a relevant fea-
ture length). These extremely small dimensions push conventional
optical inspection methods to their limits and require dedicated
metrology techniques to ensure fabrication quality and consistency at
the nanoscale.

The fabrication process control commonly employs character-
ization techniques such as Scanning Electron Microscopy (SEM)””,
Atomic Force Microscopy (AFM)'°?, and optical profilometry”™,

However, these methods can pose a challenge for in-line inspection
during nanofabrication due to their low acquisition speed and poten-
tial to induce wafer damage. Furthermore, most of these approaches
are only sensitive to the sample surface, leaving three-dimensional
characterization of complex structures an open challenge.
Scatterometry offers an alternative path to conventional imaging-
based metrology techniques'®”, enabling precise characterization of
nanoscale structures. The evaluation of the diffraction patterns cre-
ated by light scattered off periodic samples enables the extraction of
detailed structural information below the diffraction limit. By solving
the inverse scattering problem, it becomes possible to reconstruct the
morphology of the sample with sub-wavelength detail®*. For this
reason, scatterometry is highly useful both in fundamental research
and industrial metrology applications as three-dimensional profilo-
metry, where precision and non-invasive analysis are essential. An
example is Optical Critical Dimension (OCD) metrology, widely
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deployed in semiconductor manufacturing in the visible range?**. In
practice, OCD inverts angle/polarization/wavelength-dependent dif-
fraction to access sub-diffraction structural parameters, but its per-
formance can be limited by parameter correlations and stack-
dependent sensitivities. Furthermore, small-pitch nanostructures illu-
minated with visible-UV light don’t produce actual diffraction patterns,
effectively requiring complex modeling.

The use of short wavelengths in scatterometry, such as extreme
ultraviolet (XUV) or soft X-ray radiation, significantly enhances sensi-
tivity to feature sizes. At these wavelengths, single scattering is typi-
cally dominant and offers modest correlations between parameters,
enabling simultaneous and reliable characterization of multiple
structural properties, even for complex geometries’****, In the fra-
mework of XUV scatterometry performed with broadband illumina-
tion, higher diffraction orders are often favored, as they provide
spatially encoded information within the diffraction pattern. Here we
utilize the Oth order and show that similar structural information can
be obtained from its analysis. The Oth order carries spectrally encoded
information and can provide the largest diffraction efficiency com-
pared to higher orders. Together with the high brightness of High-
Harmonic Generation (HHG), this can be exploited to extract mor-
phological information from a nanostructured sample with high signal-
to-noise ratio and fast acquisition, highlighting its potential in nanos-
cale metrology.

In this work, we present a spectroscopic scatterometry method
based on the Oth diffraction order of broadband HHG radiation*** as
a precise and non-destructive metrology tool for nanostructures.
By measuring the relative reflectivity, we exploit spectrally
encoded information while avoiding the need for absolute calibration.
We show that combining planar and conical diffraction geometries
provides complementary sensitivity to the grating morphology,
enabling the decoupling of critical dimension and groove
height contributions in the Oth order signal. The morphology
reconstruction is formulated as a library-based inverse problem
using Rigorous Coupled-Wave Analysis (RCWA), allowing us to
retrieve nanostructure parameters with nanometer-level accuracy. We
validate this approach experimentally across a range of feature sizes
and demonstrate robust performance down to nanometer-level
accuracy.

Results

The complete morphology (p) of a one-dimensional periodic nanos-
tructure is relatively complex and can be described as a collection of
parameters:

p = (pitch, CD, GH, SWA, LR, ER, ...} 1)

which includes average Critical Dimension (CD), Groove Height (GH),
Side-Wall Angle (SWA) and Line Roughness (LR), Edge Roundness (ER)
and more. However, for the experiments discussed here, the target
designs were chosen to reduce the morphology complexity in good
approximation to p = {CD, GH}. This simplification is possible by
assuming prior knowledge of the pitch, employing a fabrication
process that minimizes SWA, and selecting a pitch that is relatively
large compared to LR in order to render LR negligible.

The central observable in this work is the relative reflectivity
6R)(p), defined as the ratio of the spectrally resolved Oth order dif-
fraction efficiency of the nanostructured target to the reflectivity of an
adjacent unstructured Silicon reference on the same substrate:

s _DEY"(p)

Sy R} @

ORy(pP) =

By normalizing to a local reference acquired in the same measure-
ment, 6R, is insensitive to absolute instrument response, source

spectrum drift, and filter aging, while retaining the morphology-
dependent spectral structure that underpins reconstruction.

Zero order sensitivity to grating morphology

The Oth order relative reflectivity 6R,(p) carries morphological infor-
mation about the grating, but structural parameters such as CD and GH
contribute differently to the spectral response depending on the dif-
fraction geometry. To disentangle these two contributions from the
oth diffraction order, each metrology target is designed with two
orthogonal line gratings sharing the same morphology, enabling
measurements at both ¢ = 0" (planar diffraction) and ¢ = 90" (conical
diffraction) without repositioning the sample.

We have performed extensive RCWA simulations, which reveal
that the two diffraction geometries provide fundamentally different
sensitivity to the grating parameters, enabling the independent
extraction of CD and GH from the Oth order spectrum. In conical
diffraction, the diffraction efficiency is dominated by the phase accu-
mulated over the GH and is largely insensitive to CD, making this
geometry ideal for GH reconstruction. In planar diffraction, both
parameters contribute to the spectral response, as grating lines at
steep incidence partially shadow neighboring lines, introducing a CD-
dependent modulation of the interference conditions. This contrast is
illustrated in Fig. 1, where the simulated Oth order efficiency is shown
as a function of GH and CD for both geometries.

The significance of this approach is illustrated in Fig. 1, which
showcases a collection of library items as functions of CDs and GHs. In
planar diffraction conditions, Fig. 1a and Fig. 1c, diffraction efficiencies
exhibit a dependency on both CD and GH, complicating the inde-
pendent extraction of these morphological parameters from a single
Oth order spectrum. Conversely, under conical diffraction conditions
the diffraction efficiency profiles are largely independent of CD, as
shown in Fig. 1d, while the plot in Fig. 1b highlights a strong depen-
dence on GH, making this configuration ideal for GH reconstruction.

This contrast in parameter sensitivity directly impacts the obser-
vable spectral response, such that small variations in morphology
produce distinct and measurable changes in the reflectivity spectra,
providing the basis for morphology reconstruction from the Oth order
signal. The practical implications of this sensitivity are illustrated in
Fig. 2, which shows that the approach described here is sensitive to the
nanostructure morphology in high detail. For example, for a mor-
phology difference of 3nm in GH (Fig. 2b), the RCWA simulated
spectra exhibit a substantial shift and spectral profile deformation,
easily detectable with a conventional grating-based XUV spectrometer.
A similar conclusion can be drawn from the planar diffraction regime
(Fig. 2a) to evaluate the impact of the CD. However, the sensitivity is
lower than that for the GH, typically by an order of magnitude. In the
context of the experiments presented here, reaching at and below
single nanometer CD precision would require additional information
from other diffraction channels, for example, spectrally resolved
higher diffraction order.

Broadband scatterometry measurements

The HHG-driven Oth order scatterometry experiment measured 36
different metrology targets with 6 different GHs and 3 different CD, 2
replicas of each target. Each scatterometry target consists of two
nanoscale line gratings, that share the same morphology but with two
orthogonal periodicity directions (see “Methods”).

The measurements of relative reflectivity for 4 of the targets are
shown in Fig. 3, from which it emerges that the measurements match
well with the simulations and are a suitable input to perform mor-
phology reconstruction.

Furthermore, we performed additional measurements on gratings
with pitches of 200 nm and 100 nm, and CDs of 100 nm and 50 nm,
respectively, in order to evaluate the reconstruction capabilities of this
approach at reduced feature sizes. These feature sizes approach the
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Fig. 1| RCWA simulations. Rigorous Coupled-Wave Analysis (RCWA) simulation of
the spectrally resolved Oth order diffraction efficiency. a300 nm critical dimension
(CD) in planar diffraction conditions (¢ = 0°), b 300 nm CD in conical diffraction
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conditions (¢ = 90°), ¢ 80 nm groove height (GH) in planar diffraction conditions
(¢ = 0°), d 80 nm GH in conical diffraction conditions (¢ = 90°).

smallest available sizes in standard electron-beam-lithography nano-
fabrication, which was employed to produce these structures. Figure 4
shows the relative reflectivity spectra measured on representative
targets for each pitch, acquired in both planar and conical diffraction
geometries and compared to RCWA simulations. These measurements
were collected at a reduced incidence angle of 70, as the sensitivity to
transverse features is relatively low at 78 for these smaller feature
sizes. Despite the substantially smaller pitch, the measured spectra
exhibit clear and reproducible wavelength-dependent modulations
across the probed spectral range.

These results demonstrate that the spectral response provides
sufficient sensitivity to resolve nanometer-scale variations in mor-
phology, forming the basis for the experimental reconstruction
approach presented below.

Morphology reconstruction of nanometer-scale features
The reconstruction of the sample morphology p from the
spectral diffraction efficiency of the Oth order is stated as an inverse
problem, and it is addressed with a Least-square Regression (LSR)
approach described in detail in the “Methods” section. To assess
reconstruction accuracy and validate the confidence intervals
returned by our morphology reconstruction routine, we adopt a x*
based statistical framework rooted in weighted LSR. For the quantifi-
cation of the reconstruction accuracy, we compare the reconstructed
values pisg to independent reference measurements p.r obtained
from AFM (for GH) and SEM (for CD). We define the reconstruction
bias as:

b=pisg — Pret 3
which provides a direct measure of deviations from the reference
metrology. To evaluate the statistical consistency of the y*-derived
confidence intervals, we account for both the morphology recon-
struction uncertainty and the reference uncertainty by introducing the

combined standard deviation:

- /2 2
0.= ULSR + aref 4 (4)
where o5z is extracted from the confidence interval as

Oisr = (Ap™ + 4Ap")/2, and o, is the reported uncertainty of the
benchmark target characterization. Furthermore, we define the nor-
malized error (or z-score) as:

©)

which quantifies the bias in measures of g, and indicates whether the
reconstruction error is consistent with the predicted uncertainty. This
provides an empirical coverage test of the reported confidence inter-
vals. In this context, if the uncertainty model is well calibrated and the
residual statistics are approximately Gaussian, the distribution of z is
expected to be centered around zero, with approximately 68% of
points satisfying |z| <1 and 95% satisfying |z| < 2.

Figure 5 summarizes both reconstruction accuracy and uncer-
tainty consistency by comparing the LSR morphology reconstructions
against independent benchmark metrology. Figure 5a, b show the
reconstructed values of GH and CD for 9 different metrology targets,
plotted against their independent reference values. Here, the error
bars correspond to the +2¢ uncertainty obtained from the 95% con-
fidence intervals of the least-square inference, while the identity lines
represent perfect reconstruction. Figure 5c, d recast these results in
terms of reconstruction bias (Eq. (3)), with uncertainties given by o,
(Eq. (4)). The bias distributions remain centered close to zero and show
no clear systematic trend, indicating good agreement with the refer-
ence metrology. The normalized errors are reported in Fig. Se, f, where
the shaded bands provide an intuitive visual assessment of the statis-
tical consistency of the reported confidence intervals.
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Fig. 3 | Relative reflectivity measurements for 700 nm pitch targets. Measured
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(RCWA) simulations for planar and conical diffraction geometries. a Sample with
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For clarity, Fig. 5 displays only a representative subset of the full
dataset, whereas the full validation comprises 36 metrology targets,
for which both GH and CD are reconstructed. The complete recon-
struction data can be found in the supplementary information in the
Supplementary Tables 5 and 6.

Morphology reconstruction was also performed for the four
small-pitch targets using the same library-based least-squares regres-
sion. For the 200 nm pitch targets, the reconstructed GHs agree with
the reference AFM values within 1.1 nm, with combined uncertainties
below 1.3nm. The corresponding CDs are reconstructed within
5-10 nm of the SEM reference values, consistent with the performance
observed for the 700 nm pitch dataset.

For the 100 nm pitch targets, GH reconstruction remains accurate
at the nanometer level, with deviations from the reference values
around 2 nm. The reconstruction of the CD yields 3-7 nm (absolute)

bias values, with uncertainty intervals that remain statistically con-
sistent with the observed deviations. Detailed numbers can be found in
the supplementary information in the Supplementary Tables 1-4.

Organic residue contamination

Despite the overall agreement between experiment and simulation, a
systematic mismatch between measured and simulated relative
reflectivity can be observed in Fig. 3. We traced this discrepancy to a
thin carbonaceous residue left after resist stripping, distributed uni-
formly over the nanostructured regions. This residue was first identi-
fied through tilted SEM imaging (Fig. 6a), while initial XPS
measurements were only focused on Si-2p and O-1s for oxide char-
acterization. Once the residue was recognized in SEM, an additional
RCA +acid piranha cleaning step was carried out, followed by XPS
measurements targeting the C-1s region. All scatterometry results and
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diffraction measurements for a target with 200 nm pitch and 100 nm critical
dimension (CD). ¢, d Planar and conical diffraction measurements for a target with
100 nm pitch and 50 nm CD. Both targets have a groove height (GH) of 68 nm.

morphology reconstructions reported in this manuscript were per-
formed after this extra cleaning step. Pre-cleaning measurements are
shown only in Fig. 6¢ as a comparison illustrating the influence of the
residue on the spectral response.

The extra cleaning procedure proved effective in reducing the
persistent resist layer, as characterized by means of XPS. The results
showed that the contamination consists of Carbon, as expected from
resist residues, with an average thickness of 0.1nm, in the form of
fractional monolayers. The Carbon residue thickness was measured by
comparing the ratio of C-1s and Si-2p atomic percentages. Further-
more, the C-1s region and Auger signals from the XPS analysis showed
the presence of both sp? and sp® hybridized species in the C film.

Figure 6¢ shows the residue layer and its impact on the Relative
Reflectivity measurements. From the data shown, it emerges that the
residue thickness plays an important role in the local reflectivity of the
grating and on the interference conditions that underlie the diffraction
process. These results illustrate the exceptional sensitivity of scat-
terometry to thin surface layers.

Discussion
The reconstruction capability demonstrated in this work originates
from the geometry-dependent sensitivity of the Oth order signal. By
combining planar and conical diffraction configurations, the con-
tributions of CD and GH are effectively decoupled, transforming an
otherwise correlated inverse problem into a separable one.

It is important to note that the morphology reconstruction is
performed by comparing the measured reflectivity spectra against a
discrete RCWA library, defined on a finite parameter grid. Therefore,

the library sampling determines the numerical resolution of the brute-
force search and sets the minimum spacing between candidate geo-
metries. However, this does not constitute a limit as the reconstruction
uncertainty is not directly connected to the library mesh size. Instead,
it is extracted from the x? loss landscape through confidence intervals
derived from the condition 4x* = 1 (for a single parameter), which
reflects the curvature of the loss function and the effective noise level
of the measurement. This implies that the confidence intervals provide
an intrinsic uncertainty estimate of the least-square inference that can
be smaller or larger than the grid spacing, which mainly depends on
the local sensitivity of the 6R,(p) signal. This approach enables statis-
tically meaningful uncertainty quantification, which is subsequently
validated against independent benchmark metrology measurements.

Based on this validation framework, statistically grounded claims
can be made regarding both reconstruction accuracy and uncertainty
calibration. For GH, the median absolute reconstruction error is
0.6 nm, with the 68th percentile below 0.9 nm and the 95th percentile
below 2.6nm, demonstrating nanometer-level accuracy across the full
dataset. For CD, the median absolute error is 6.5 nm, with the 68th
percentile at 8.5 nm and the 95th percentile at 16.7 nm, while 78.8% of
reconstructions fall within a 10 nm error band. Uncertainty validity can
be assessed through the normalized-error statistics: for GH, 74.3% of
reconstructions satisfy |z]<1 and 89.6% satisfy |z| <2, while for CD
74.3% satisfy |z] <1 and 91.4% satisfy |z| < 2. These results indicate that
the x? confidence intervals provide a physically meaningful estimate of
reconstruction uncertainty. Overall, this quantification supports typi-
cal reconstruction accuracies of 1nm for GH and 10 nm for CD, vali-
dated against independent metrology benchmarks.
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Additionally, the 200 nm and 100 nm pitch targets confirm that
broadband Oth order XUV scatterometry remains applicable at sub-
stantially reduced dimensions, with performance consistent with the
morphology reconstruction of the nanostructures with 700 nm pitch.

From a practical point of view, the CD reconstruction accuracy
turns out to be an order of magnitude worse than GH. In-plane feature
extraction using the Oth diffraction order only is more complicated
than for out-of-plane features, because the computation of the Eucli-
dean distances in the ¢ = 0" regime are significantly more sensitive to
the amplitude of the signal modulations than in the ¢ = 907, collecting
larger uncertainty from parameters not modeled in the simulations,
such as post-fabrication residues and surface roughness.

The sensitivity of R, to surface conditions is illustrated by the
spectral response to a sub-monolayer carbonaceous residue discussed
in the “Results” section. This further explains the larger CD recon-
struction uncertainty: the ¢p = 0" geometry is more exposed to ampli-
tude perturbations from unmodeled surface contributions than the
¢ =90 geometry used for GH extraction.

For semiconductor wafer metrology, optical methods generally
stand out as the least invasive. In the case of short-wavelength
metrology, however, the ionizing nature of the radiation must also be
considered. For the hard materials considered here (e.g., Silicon),
exposure-induced damage does not play a significant role. In practical
applications, after-exposure and after-development (but prior to
etching) metrology is performed on developed photoresists, which
may continue to be exposed and thus undergo changes in their optical

constants as well as thickness shrinkage®®. This does not preclude
process-compatible metrology, as such changes can be calibrated and
accounted for in the data analysis. Nevertheless, resist-on-Silicon
metrology will present an important future challenge to be addressed
by scatterometry.

In summary, we have discussed the Oth diffraction order scat-
terometry technique based on HHG to characterize the morphology of
periodic nanostructures beyond the diffraction limit and beyond the
need for precise absolute reflectivity calibration of the experimental
apparatus. GHs and CDs are reconstructed from the relative reflectivity
spectra, with single-nanometer accuracies for out-of-plane features,
and 10 nm precision for transverse features, even in the presence of
light contamination on the samples. Looking forward, the next natural
step is the extension of the morphology reconstruction algorithm to
automatic differentiation in the Simulator-Based Inference framework,
with the goal of investigating more complex samples with a large
parameters space to explore the sensitivity limits of this technique.
More broadly, combining this spatial sensitivity with extreme-
ultraviolet transient reflectivity could enable functional metrology of
electron and lattice dynamics on femto- to attosecond time scales in
semiconductors and strongly correlated materials®’.

Methods

Fabrication and characterization of metrology targets

Each scatterometry target consists of two nanoscale line gratings with
a rectangular profile etched into a Silicon substrate, as shown by the
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Fig. 6 | Residue layer. Characterization of the impact of resist residues on the
nanostructures. a Scanning electron microscopy (SEM) image at 45' tilt of an etched
trench after resist stripping and before additional cleaning. A thin residue layer

0
100 nm

(light gray) is visible around the etched region. b SEM image after additional
cleaning, showing residual material as small grains. ¢ Comparison of measured
relative reflectivity spectra before and after the additional cleaning step.
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cross-section in Fig. 7. These two gratings share the same morphology
but with two orthogonal periodicity directions, as shown in (Fig. 8c, d).
The samples are designed and fabricated in-house on Silicon via
Electron Beam Lithography (see Supplementary Methods). The work
presented in the following was carried out on a set of 36 different
metrology targets with 700 nm pitch, each of which is written in a
400 x 400 pm? write-field. We have manufactured six samples with six
targets each, with three different CDs, two replicas per target. The
samples have different GHs between 80 and 130 nm. The morphology
p of each target was characterized with both AFM and SEM.

After the fabrication process, the samples were characterized via
X-Ray Photoelectron Spectroscopy (XPS) which revealed a1.2 + 0.1 nm
thick native oxide layer on the surface. The thickness was measured by
comparing the atomic percent ratios of the native oxide and pure Si
signals from the Si-2p core region®,

The XPS characterization also detected the presence of some
organic contamination in the shape of a fractional monolayer, a left-
over from the resist used in the nanofabrication process (more details
in the Supplementary Methods).

In addition to the 700 nm pitch targets, a set of 4 nanostructures
with pitches of 200 nm and 100 nm was fabricated to probe the
applicability of the technique to more aggressively scaled geometries.
For each pitch, two independent targets were produced on the same
Silicon substrate. We followed the same design and fabrication
methodology as for the 700 nm pitch structures, with CDs corre-
sponding to 50% duty cycle.

HHG-driven scatterometry setup

The experimental setup consists of a laser and a series of vacuum
chambers dedicated to the HHG source, focusing of the XUV light onto
the sample, and XUV spectrometry, as illustrated in Fig. 8.

The primary source is a Ti:Sapphire laser system at 800 nm (Sol-
stice ACE, Spectra Physics), 40 fs pulse duration with a repetition rate
of 2 kHz. Approximately 3 W are utilized for High Harmonic Genera-
tion. The beam pointing is actively stabilized and focused into a 3 mm
long gas cell reaching ~10" W/cm? peak intensity. The cell is supplied
with gas by a mass-flow controller that ensures a stable flow and
pressure in the generation region. The HHG apparatus can be switched
between two configurations to allow some tunability over the XUV
spectrum: one dedicated to an ordinary HHG regime, characterized by
a discrete harmonics spectrum, and one where the generation condi-
tions are tweaked to obtain a continuum-like spectrum® (see
Fig. 9 and Supplementary Methods in Supplementary Fig. 1). For the
presented experiments, Neon was chosen as the HHG medium to
generate a photon flux in the 11-35 nm wavelength range. The infrared
laser light used to drive the HHG process is afterwards filtered out with
a pin-hole and a pair of 200 nm thick metallic films made of Aluminum
(see Fig. 8).

The samples are mounted in a custom holder onto a 4-axis
(x, y, z, 8) vacuum compatible stage, with a closed-loop controller.

The HHG beam is focused by a gold-coated toroidal mirror and
impinges on the sample with a 78 +0.002° angle of incidence with
respect to the surface normal plane. The reflected Oth diffraction order
is sieved out of the diffraction pattern with a pinhole after the sample is
subsequently diffracted by a flat-field XUV blazed grating at grazing
incidence onto an XUV sensitive CCD with a sensor cooled to a tem-
perature of -90° C.

A gold-coated toroidal mirror focuses the XUV beam onto the
sample. Beam waist characterization was performed in the reflection
geometry by using two complementary methods. The first one uses
one of the grating targets as the effective edge*’, and the other one by
using a razor blade that was attached at a 7 angle with respect to the
sample surface.

The grating-edge scan provided the beam intensity profile used to
extract both beam-waist axes, while a complementary razor-blade scan
—limited by its imperfect tangency to the surface—offered a con-
sistency check.

The two methods converged to a short axis (vertical) of 49 + 3 um,
and to a long axis (horizontal) of 260 + 7 um, which is reasonably close
to the estimated projection of the beam on the sample at 12° from
grazing incidence.

An estimation of the XUV flux onto the sample is performed by
taking into account the recorded spectrum and beam propagation
factors. The expression used is:

Eotal

¢XUV — Emeas #pu]ses (6)

pulse fpropagationfdetection 7“Al Rsample RCOI 'Zg Ne-n q)CDD

where Eqo4 is the total integrated energy reaching the sensor, #pyises is
the number of pulses calculated by multiplying the repetition rate of
the laser with the total acquisition time for acquisition of a spectrum,
Ta is the transmission of the second 200 nm Al filter”, R; are the
reflectivities of the sample and collection mirror*, n is the first order
diffraction efficiency of the analyzing grating®’, n..;, is the electron-hole
pair creation efficiency of CCD sensors** and @cpp is the specific
quantum efficiency provided by the manufacturer.

The HHG generated in Ne spans well over the Al edge, therefore
the estimation should be considered conservative. Nevertheless, a
typical spectrum gives us an estimation of approximately 10 pfljse which
is consistent with previous calculations performed on the setup®.
Considering the above, the fluence on the samples is calculated under
the assumption of an ellipsoidal beam at 100 %

Planar and conical diffraction acquisition
Scatterometry measurements are performed by recording the reflec-
ted O™ diffraction order from a set of positions on the nanostructured
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sample and from a pristine flat surface region on the same substrate, as
shown in (Fig. 8b). The orientation of the targets was chosen to match
the azimuthal angles of ¢ = 0" and ¢ = 90", where ¢ is defined as the
angle between the target periodicity direction and the beam propa-
gation direction projected on the sample plane. The sample orienta-
tion was aligned complying with a 0.3 tolerance, verified
experimentally with a raster scan of the metrology targets. The toler-
ance was chosen evaluating the impact of misalignment of the azi-
muthal angle with RCWA simulations. These two configurations
correspond to the planar diffraction regime and conical diffraction
regime, shown in Fig. 8c and d, respectively. For each target, spectra
are averaged over multiple positions on both the structured and
unstructured regions to reduce the impact of localized defects and
nanoparticles. The averaged spectra are then used to compute the
relative reflectivity 6R,(p) defined in Eq. (2).

For the sake of comparison and reproducibility, the scatterometry
measurements were repeated for both the discrete and the
continuum-like HHG regimes, aiming to ensure coherent data
overlap for different probing spectral components. The presented
experiments were carried out with a 2s exposure time and by

Fig. 7 | Nanostructured target characterization. a Grating cross-section obtained
by scanning electron microscopy (SEM). The cross section was prepared using ion-
beam-induced deposition followed by ion milling. b Geometrical profile fitting
using a square line model for parameter extraction. ¢ Atomic force microscopy
(AFM) measurement (out-of-plane axis not to scale).

10

Neon

averaging over five spectra per dataset. This choice was made to
reduce the impact of spectral fluctuations below the 1% (RMS)
threshold. A series of tests showed that shorter exposure times, down
to 100 ms, would also provide a sufficient signal-to-noise ratio to
enable reconstruction.

Spectral fitting and relative reflectivity extraction

The raw spectra collected during each measurement are processed to
extract the relative reflectivity 6Ry(p) defined in Eq. (2), with the spe-
cific procedure depending on the HHG regime used. In the case of an
optimal HHG process, the XUV spectrum comprises a series of well-
defined discrete peaks. Each peak was individually fitted to a Gaussian
curve, and the area under the curve within the 1-sigma width was
considered as the signal value for each datapoint. From the spectral
point of view, each datapoint was located at the center of each Gaus-
sian curve. Consequently, the relative reflectivity of a given target is
obtained by averaging the fitted spectra from different locations on
the structured target and dividing it by the average substrate reflec-
tion, which is a set of averaged spectra from the unstructured Silicon.
Variations in reflectivity were taken into account by calculating the
statistical variance between different measured positions on each
grating.

For quasi-continuous XUV spectra, the relative reflectivity was
directly derived by dividing the measured zeroth-order spectrum by
that obtained from a pristine Silicon reference surface. A narrow
Gaussian low-pass filter was applied in the Fourier space to minimize
artifacts caused by rapid signal oscillations while preserving the overall
signal integrity. The beyond phase-matching regime usually presents a
photon flux and spectral fluctuations which are an order of magnitude
worse than the discrete spectrum HHG regime. For this reason, we
chose to discuss morphology reconstruction results for the optimal
HHG regime, while we only use the nearly continuous spectrum HHG
to validate the spline polynomial fitting choice as the routine that best
describes the measured relative reflectivity signal (more detail in Sup-
plementary Methods, also in Supplementary Fig. 2).

Al Filter +
XUV Grating

Toroidal
Mirror

~

|I||I"
i
®

Si substrate

Fig. 8 | Experimental setup and acquisition procedure. a Schematic of the
experimental setup. b Data acquisition routine, where yellow markers indicate
extreme ultraviolet (XUV) beam positions on the sample. ¢ Planar diffraction

¢ =90° —»T

geometry with grating periodicity direction (green arrow) and projected beam
propagation direction (violet arrow). d Conical diffraction geometry with the same
definitions. The azimuthal angle ¢ is defined as the angle between these directions.
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Fig. 9 | High-harmonic generation (HHG) illumination spectrum. a Extreme
ultraviolet (XUV) spectrum under discrete harmonic generation conditions. b XUV
spectrum in a continuum-like regime. ¢ Source stability over 90 min in the discrete
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regime with 2 s exposure time. Stability traces are shown for four individual har-
monics and for the total HHG signal.

Ultimately, the relative reflectivity and its measured uncertainty
are processed by the reconstruction routine using Eq. (7) to compute
the residuals, which are then integrated along the wavelength axis. This
produces the parametric function at the center of the optimization
problem.

RCWA simulator

Diffraction from the one-dimensional gratings is modeled under the
assumption of a perfectly homogeneous Silicon substrate, with spa-
tially uniform Silicon density (ps;), native oxide density (p0,), and
complex refractive indices.

The complex refractive indices n + ik for each material were
acquired from the CXRO (Center for X-Ray Optics) database*>*°.

To model diffraction, we focus on infinitely extended structures
with a mono-dimensional periodicity, which feature lines with a rec-
tangular cross-section. However, this is not a fundamental limitation.
As established in the “Results” section, the morphology of the grating
is simplified to the parameter set p = {CD, groove}, always assuming the
pitch to be known. This assumption holds in most practical cases,
given that lithographic processes are optimized to ensure minimal
periodicity errors. Within the framework of linear optics, the simula-
tion of diffraction relies on solving Maxwell’'s equations. Our study
employs the Rigorous Coupled-Wave Analysis method, a deterministic
and non-iterative approach, where the electromagnetic fields are
expanded in the grating region into a series of spatial harmonics,
enabling the computation of field distributions in both the grating and
surrounding media*”*%, This method is inherently stable, avoiding the
numerical instabilities often encountered in alternative approaches,
and achieves convergence based solely on the number of modes
(2N +1) used in the expansion***°. Furthermore, the method rigorously
conserves energy and ensures that the results converge to physically
meaningful values as the number of harmonics is increased. After an
evaluation of the convergence conditions and the parameter space of
interest, we have opted for N =100.

An extensive RCWA-based simulation was conducted to develop
a library of diffraction efficiencies over a given spectral range
and grating parameters. This library serves as a foundation for
reconstructing the nanoscale morphology of the grating structures
based on their diffraction signatures. By systematically varying
the grating parameters, the simulation captures a comprehensive
dataset that correlates specific morphological features with their
corresponding diffraction efficiencies. This approach enables the
development of robust algorithms to invert the measured diffraction
data for precise morphological characterization of nano-structured
materials.

Library-based least-squares morphology reconstruction
Reconstructing the sample morphology p from the spectral diffraction
efficiency of the Oth order is an inverse problem with no closed-form

analytical solution, as no easily invertible model directly maps the
measured signal to structural parameters. Equation (2) details how the
measured data is processed to express relative reflectivity changes,
which are related to the sample morphology. Among the possible
methodologies, we implement a library-based approach that contains
simulated reflectivity spectra, generated with our RCWA simulator. In
general terms, the morphology reconstruction process consists
of comparing the measured SR, (p) to the simulated spectra stored
in the library, with the objective of identifying the parameter set that
best matches the experimental results. We report a morphology
reconstruction approach based on LSR, inspired by published
works**, We also developed an approach based on features tracking
to simplify the inverse problem by narrowing down the simulation
space in the library search, delivering a computational advantage and
faster convergence.

It is possible to exploit the nature of interference to extract
sample morphology information without the need to work with a full
spectral shape. It can be sufficient to track down some high-interest
points, for example, where destructive interference is dominating.
Similar ideas were previously implemented in thin-film growth
monitoring® and optical ellipsometry****. The features tracking
approach offers a complementary method for reconstructing mor-
phology by analyzing the spectral position of distinct features in the
relative reflectivity spectrum, such as local maxima and minima.
Although feature tracking does not offer the same precision and
robustness as other approaches due to its limited number of spectral
points, it remains valuable in specific contexts. One of the main chal-
lenges in working with experimental data lies in accurately identifying
the true wavelength positions of maxima and minima, as measurement
noise and uncertainties introduced by the fitting procedures can lead
to deviations. Consequently, this method is less reliable for general
nanostructure characterization, but it serves as a supplementary tool
by providing a priori information to refine the library search input
space. Features tracking was employed in this work as an initial step in
the morphology reconstruction process to narrow down search spaces
to subsets that closely match the experimental data. Furthermore,
features tracking is particularly beneficial when dealing with gratings
affected by severe surface contamination or structural defects that
significantly alter the sample reflectivity and light interference condi-
tions. In such cases, the LSR approaches are not reliable because of the
presence of consistent offsets in the experimental spectra, while the
position of minima and maxima generally depends only on the average
structure morphology.

In practice, the LSR approach is widely used due to its
computational efficiency and well-established mathematical
framework®. From a data analysis standpoint, one common strategy
for implementing LSR involves computing the residuals for each
wavelength between the measured relative reflectivity and the items of
a simulated library with a set of morphology parameters. The residuals
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can be defined as:

2 _ [6R’1 — f’""]z

X3p= @)

2
Op
2 _ 2 2
0y, P~ o) (exp) + 0}, P (sys) (8)

where F, , represents the simulated relative reflectivity for the p
morphology and oﬁ'p is the variance. The latter is composed of two
terms: the first one accounts for the measured uncertainty of the
experiments, and the second includes systematic errors, modeled as
linearly dependent on the simulated signal®. In this case we
used 03 5 =@ Fap + b.

The residuals are weighted by the inverse of the variance. The
inverse problem in scatterometry is often framed as a Least Squares
Regression problem:

Pisg = arg mi“PZXﬁ 9)
2

Typically, this kind of additional parameters cannot be implemented
using LSR, but requires a Maximum Likelihood Estimation (MLE)
regression protocol*. In the work presented here, we limit the opti-
mization problem to the LSR protocol to prove that Oth order scat-
terometry can yield precise morphology reconstruction without the
need of modeling uncertainty parameters beyond those experimen-
tally measured.

The method minimizes the weighted sum of squared residuals
between the measured and simulated relative reflectivity. Its perfor-
mance therefore depends on the choice of weight factors, which are
taken as the inverse of the total variance assigned to each spectral
point. Incorrect assumptions about these weights can introduce sys-
tematic biases in the reconstructed parameters and have motivated
more general inference schemes that explicitly treat nuisance para-
meters within a MLE framework®"*%*",

In the present work, we retain a y*-based least-squares formula-
tion, but extend the variance model to include systematic contribu-
tions in addition to the experimentally measured noise. This enables us
to capture unmodeled uncertainty (linear) contributions while pre-
serving the computational simplicity of the weighted-LSR approach.

To develop a method for reconstructing the nanostructure mor-
phology starting from the diffraction efficiencies, we generated a
library containing the simulated relative reflectivity changes. The
library was designed to cover a parameter space that includes gratings
with GHs ranging from 60 to 150 nm, in 1nm increments, and CDs
between 200 and 500 nm, in 10 nm increments. The entire framework
described in this paper, both in simulation and experiments, revolves
around TE polarization, with the electric field oriented parallel to the
sample surface. Among the key parameters, the incidence angle 6 was
chosen to match experimental conditions, set at 8 = 78. The simula-
tions covered the two azimuthal angles ¢ = 0" and ¢ = 90" to match the
planar and conical diffraction regimes. These two distinct diffraction
conditions are the enabling factor to achieve the separation and
independent extraction of CD and GH from the Oth order spectrum.

Diffraction inherently includes the phase accumulated over the
line height and the interference of fields within the grating profile while
variations in CD act only as a relatively small perturbation on this
dominant response. This effect can be exploited to disentangle the CD
and GH contributions on the Oth order spectrum. The observed
spectral behavior differences are attributed to the rectangular profile
of the grating lines and their orientation relative to the plane of inci-
dence. In planar diffraction with steep incident angles, grating lines
partially shadow neighboring lines, altering the interference

conditions underlying diffraction. This shadowing effect is absent
when the grating lines are parallel to the incidence plane, asin ¢p = 90,
facilitating more reliable GH measurements.

Data availability

The data generated in this study are available under restricted access
due to the involvement of long-term collaborations with industrial
partners and the presence of potentially sensitive research compo-
nents. For legal reasons, access to the raw data of the relative reflec-
tivity measurements and RCWA simulations can be obtained by
contacting the corresponding author, P.M.K. The datasets will be
provided within 4 weeks from the request, without a time limit and
subject to compliance with existing collaboration agreements and
confidentiality requirements.
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