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Quantitative optical imaging is an important diagnostic tool for metrology and materials science. Especially in the
extreme ultraviolet wavelength range, the combination of high spatial resolution and sensitivity to material proper-
ties holds promise for quantitative characterization of complex nanostructures. Unlocking this potential requires an
approach that links the relevant material properties to optically measurable observables in a spatially resolved way.
Here we show that high-resolution maps of the complex refractive index of a multi-element nanostructure can be recon-
structed from polarization-resolved extreme ultraviolet ptychography measurements. We record ptychography data in
a reflection geometry for two incident polarization states and variable angle of incidence, and show that the resulting
amplitude and phase information can be analysed to yield accurate maps of the local refractive index and surface profile,
using an automatic-differentiation-based reconstruction framework. Our approach enables determination of local
material composition through a segmentation analysis, as well as high-resolution quantitative imaging of optically
addressable properties of nanostructures.
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1. INTRODUCTION

Optical imaging is an essential diagnostic method in many areas
of science, ranging from biology to materials science and semicon-
ductor device physics. While imaging itself is relevant mainly in
situations where the spatial structure of the specimen is not known
a priori, or to track dynamics, in many application areas the main
objective is to retrieve information about the specimen in a spa-
tially resolved way. Examples of such quantitative imaging include
the determination of degree of magnetization in metal films, ion
concentrations in cells, local temperature measurements, and more
(see, e.g., [1-3]). In these cases, an additional analysis step is needed
thatlinks an optically measurable quantity to the material property
of interest. An essential aspect of such measurements is to retain
the high spatial resolution of the imaging system, as measurement
methods that can only determine spatially averaged bulk properties
typically fail to capture the spatial complexity of nanostructured
objects.

A general example of a material property that links to optical
properties is the (complex) refractive index, usually defined as
n =7+ ik. The real part » relates to the speed of light in a mate-
rial, while the imaginary part describes absorption. The ability
to measure refractive indices is relevant in the characterization of
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optical components, coatings, and thin films, and enables identi-
fication of materials if their properties are known. The standard
approach to refractive index measurements is ellipsometry, which
is based on measurements of the reflected optical intensity for
different (usually s and p) polarization states of light, typically as
a function of incident angle [4-7]. For a given polarization state
and incident angle, the reflectivity of a material can be linked to
the refractive index through the Fresnel equations. As these Fresnel
equations generally do not have a direct inverse, a fitting procedure
is used to retrieve refractive index information from the measured
polarization- and angle-resolved reflectivity data. In addition to
such intensity-based measurements, interferometric variations of
ellipsometry have also been developed, which make use of the fact
that the phase of the reflected light is also sensitive to the refractive
index [8—11], albeit at the cost of increased stability requirements.
Ellipsometry systems have been developed using light at wave-
lengths ranging from infrared to ultraviolet, and even extreme
ultraviolet (EUV) implementations have been shown [12,13].
Such EUV measurements are particularly relevant for the charac-
terization of structures that are not transparent to visible light, such
as metal-containing nanostructures, and especially also semicon-
ductor devices and integrated circuits [14—17]. The polarization
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sensitivity enables more detailed analysis of material composition
and refractive index than angle-resolved reflectometry [18-21].

Ellipsometry is typically performed as a point measurement
method that does not provide spatially resolved information, using
a relatively large and collimated beam to probe a sample [5,22,23].
It is also possible to combine ellipsometry with a spatially resolved
detection system to obtain images of refractive index distribu-
tions across a sample of interest. Various implementations of such
an imaging ellipsometry concept have been developed, using
point-scanning [24-26] as well as wide-field [27] imaging. At
EUV wavelengths, imaging ellipsometry could leverage the better
diffraction limit and penetration depth into metal films, and in
principle enable high-resolution quantitative imaging of complex
nanostructures such as integrated circuits. However, both EUV
imaging and polarization control are challenging by themselves
given the limitations of EUV optics [12,28,29]. Interferometric
methods at EUV wavelengths are possible for thin transmissive
samples using special common path arrangements [30,31], but
particularly challenging in a reflection geometry. Therefore, EUV
ellipsometry has remained limited to point measurements with low
spatial resolution.

To mitigate the limitations of EUV optics and enable high-
resolution EUV imaging, lensless imaging methods based on
coherent diffraction have been developed. Ptychography has
emerged as a particularly powerful lensless EUV imaging modality,
enabling near-wavelength-scale resolution and high versatility
[32-35]. Furthermore, ptychography enables quantitatively accu-
rate amplitude and phase retrieval, thanks to its ability to separate
the probe field from the object reconstruction [16,36-38]. As
ptychography does not require interferometric detection, it can be
applied in a reflection geometry as well [39—41]. Ptychography has
enabled first demonstrations of quantitative EUV imaging based
on reflectometry [15,42] and scattering quotient [17]. However,
ellipsometry has remained elusive, as it requires polarization-
resolved measurements, and especially highly accurate relative
comparisons between sequentially measured images. As ptychog-
raphy only provides relative phases within an image, comparing
phase measurements from separate images is not directly possible.

In this paper, we present a ptychography-based approach to
imaging ellipsometry, which makes effective use of the accurate
relative amplitude and phase information contained in individual
ptychography reconstructions. By performing measurements
in a reflection geometry for incident radiation at both s- and p-
polarization, we retrieve quantitative complex reflectivity maps of a
substrate-based nanostructured film containing multiple elements
and height variations. The standard data analysis approach in
imaging ellipsometry is to take polarization- and angle-dependent
data from a single point on the object as the input to a reconstruc-
tion model, processing all object pixels independently. Instead,
we take a combined reconstruction approach that specifically uses
different pixels within a single image to retrieve refractive index
data from multiple positions in parallel. This approach allows us to
define a set of constraints based on the more accurately measured
relative amplitude and phase ratios within single images. Through
this approach, we obtain sufficient measurement parameters to
uniquely retrieve the complex refractive index at both those object
locations. We solve the resulting inverse problem by minimizing
the associated complex multi-parameter loss function using an
algorithm based on automatic differentiation [43].

Depending on the application, we can approach the analysis in
different ways. If the main interest is in retrieving high-resolution

spatial maps of local refractive index and surface profile, the analy-
sis can be performed for each image pixel (or binned subset of
pixels) independently. Alternatively, in applications where it is
known that a limited number of materials and/or surface height
steps are present, a segmentation analysis can be used to classify
areas with identical properties, and an averaged value of material
properties from those areas can be determined. We show both
procedures applied to our experimental data. Our results show
the potential of using ptychography for quantitative imaging, and
the combination with image-based analysis enables metrology on
multi-element reflective structures without a priori knowledge of
the material properties. As such, it provides a combination of ellip-
sometry and imaging that combines the features of each modality,
rather than a parallelized set of single-point ellipsometry measure-
ments. Also similar to ellipsometry, in case of a stack of multiple
partially reflective layers, a solution for the refractive index of each
layer can be determined if the nominal layer structure is known.

2. MATERIALS AND METHODS
A. Experimental Setup

A ptychographic imaging ellipsometry setup requires a reflection
geometry with controlled reflection angles, and the ability to
record ptychography scans with orthogonal polarization states. A
schematic of our instrument is shown in Fig. 1. We obtain coherent
EUV radiation via high-harmonic generation (HHG) in an Argon
gas jet with a backing pressure of 4 bar. The HHG is driven by
2 m]J laser pulses at a 1030 nm central wavelength and a 1 kHz
repetition rate (Light Conversion Pharos) thatare post-compressed
to a 37 fs duration in a CASCADE-type system and focused with
an f = 30 cm singlet lens [44]. As the HHG radiation inherits the
linear polarization state of the driving laser [45], we control the
polarization of the EUV radiation at the sample by tuning the drive
laser polarization state with a 4-plate and avoiding polarization-
sensitive components downstream. The generated harmonics
are separated from the fundamental beam using a 200 nm thick
Al filter. A pair of multilayer mirrors (OptixFab GmbH) in a
z-configuration at 5 degree angle of incidence focuses the beam
onto the sample, and simultaneously acts as a wavelength filter
for the 27th harmonic at 38 nm through its optimized reflectivity
curves. This focusing approach does not affect the polarization
state, and through calibration measurements, we confirm that the
flux on the sample does not significantly change with EUV polari-
zation (see Supplement 1, Section 4). While the refractive index
retrieval algorithm is in principle not limited to monochromatic
ptychographic reconstructions, it is more challenging to get the
same quantitative accuracy from a multi-wavelength ptychography
measurement.

The sample is mounted on a 2D-translation stage for ptychog-
raphy scans, which is placed onto an additional rotational stage for
control over the reflection angle, covering a range of illumination
angles from 45° <6 < 90° (where 90° means having the surface
parallel to the beam). Diffraction patterns are recorded on an
EUV-sensitive CMOS camera (Marana-X 4.2B-11), which can
be rotated around the sample via a custom-built adjustable flange
mount. The pressure inside the imaging chamber is maintained
in the 107¢ mbar range. We performed experiments on a sample
containing microstructures that are lithographically etched in a
silicon substrate, and subsequently covered by chromium (Cr) and
gold (Au) at different locations and with different layer thickness.
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Experimental setup. (a) Schematic overview of the setup. Driving laser 1030 nm (in red) is focused into an Argon gas jet, where high-harmonics

are generated (in blue). The driving laser is blocked by a 200 nm aluminum filter. From all the harmonics, only A = 38 nm is focused onto the sample by
using two multilayered mirrors. The reflected field propagates to the camera where it forms diffraction patterns. The illumination angle of the sample and
the polarization state of the driving laser are changed between measurements. (b, ¢) Amplitude ratio and phase-difference of gold (Au), chromium (Cr) and
silicon (Si) when changing polarization state from linear s- to p-polarized in a range from 45° to 85° angle of incidence. The range of angles used in mea-
surements for this work is highlighted in gray. The phase difference shown in (c) is directly derived from the Fresnel equations and does not include addi-
tional phase shifts caused by differences in heights. (d) 3D artist impression of the sample. Different colors depict different materials. Various height changes

within each material are visible.

These elements show distinct amplitude and phase changes upon
reflection. Our approach to retrieving complex refractive indices
does not depend on absolute reflectivities, but on relative ampli-
tude and phase changes of the electric field upon reflection for
different polarization states, which are plotted in Figs. 1(b), 1(c).
For a complete ptychographic ellipsometry experiment, we per-
form ptychography scans for s- and p-polarization sequentially, for
a range of different illumination angles. Complex object reflectiv-
ity maps for both polarization states O, , are then reconstructed
from the recorded diffraction data using a ptychography algorithm
employing automatic differentiation (see Supplement 1, Section

1).

B. Sample Fabrication

The base of the sample that we used is a Si-substrate patterned
with a variety of different spatial structures. Specifically, small (2
um) circuit-like structures are already etched 75 nm deep into
the substrate. To add different elements, we first deposit a 35 nm
layer of chromium Cr onto the substrate using electron beam
physical vapor deposition (EBPVD). Via laser lithography using
negative photoresist maN1410, we subsequently deposit a 34
nm gold Au-layer on specific parts of the sample. Through this
procedure, the majority of the structures have a gold top layer,
except for a set of rectangular areas where the topmost layer only
contains chromium, as depicted in Fig. 1(d). More information
about sample fabrication can be found in Supplement 1, Section 7.

3. RESULTS

A. Ptychographic EUV Imaging and Refractive Index
Determination

In ptychography, measured diffraction patterns are modeled as
an exit surface wave that has propagated to the detector. This exit

surface wave is the light field directly after reflection, and con-
sists of the product P - O of the incident probe field P and the
complex object reflectivity map O. By measuring multiple diffrac-
tion patterns for a set of in-plane object displacements, a dataset
is generated from which both P and O can be reconstructed
[36,37]. This ability to separately reconstruct the probe field is
a major advantage of ptychography, as it removes any influence
of the illumination on the reconstructed object image, and is an
important factor in the quantitative accuracy of the amplitude and
phase maps. Details on our reconstruction procedure are given
in Supplement 1, Sections 1 and 2. At this point, we should note
two important aspects about ptychography that complicate any
analysis that requires multiple independent image reconstructions.
First, phase images of P and O are recovered up to an unknown
constant, so it is not directly possible to compare absolute phase
values from independent measurements. Second, as the measure-
ment is only sensitive to P - O, comparing object amplitudes from
independent measurements is only possible by normalizing the
probe amplitudes. Figure 2(a) shows a typical ptychography recon-
struction from a dataset recorded at an incident angle of 6 =51°
with respect to the surface plane and s-polarized EUV radiation.
The phase variations between different structures are accurately
retrieved through the reconstruction algorithm. Height variations
and changes in material composition are clearly observable as phase
shifts in the images. As an independent reference of the height vari-
ations, we perform atomic force microscopy (AFM) measurements
on the object. Figure 2(b) shows an image of the same surface area,
with a lineout across the various height steps displayed in Fig. 2(c).
The rectangular features visualize the presence of pure Cr, without
an additional Au-layer.

To reconstruct refractive index data from a ptychography
dataset, further analysis steps are needed. From the discussion
above, it is clear that the retrieved object O contains the complex
reflectivity of the sample, but with a possible amplitude scaling
and a global phase offset. In general, the complex reflectivities
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Imaging of a Cr/Au sample. (a) Ptychography reconstruction for s-polarized measurement at 51° angle of incidence. (b) AFM height

measurement capturing the same field of view as the ptychography measurement in (a). Four plateaus of constant height are found, which correspond
to two elements that each have structures etched at two discrete depths. (c) AFM height profile along the cross-section indicated in (b).

7s,p at the interface between vacuum and a material with complex
refractive index n are given by the Fresnel equations:

cos; —ncos b,
=", (1a)
cos 01 + n cos 6,

cos 0, — n cos 61
ry =, (1b)
cos 0 + n cos 61

where 0 and 6, refer to the angle of incidence in vacuum and the
refracted angle in the material measured from normal, respectively.
The angles 6, and 6, are coupled by Snell’s law: sin 6; = n sin 6,.
In the basic form of ellipsometry, the amplitude ratio and phase
shift between orthogonally polarized reflections are measured at
a single point on the sample to determine the complex-valued
refractive index n. Such a calculation is not directly possible using
ptychography data, due to the relatively large uncertainty in ampli-
tudes and the inability to compare phases between separate object
measurements. Instead, we use the fact that the amplitude and
phase variations within a single image are quantitatively accurate,
and design an alternative reconstruction procedure that makes
effective use of this property. Furthermore, since the illumination
intensity of two consecutive ptychography scans should remain
constant when the beam is linearly polarized (s or p), we calibrate
the probes of both reconstructions in the experiment and adjust
the probe amplitudes in the reconstruction to have identical flux
(O IP,1*=>"|P|*). Based on these considerations, we can
define a forward model based on the following four functions
that relate the reflectivities defined in Eq. (1) at two spatially sepa-
rated positions within a single image of an object having different
material properties:

Ao =| 20 ) 22)
Vp(nl)
_ 7';([12)

i) = |08 (2b)

Alny, g, by = 280 isey, (20)
rs(ny)

Fulng, o, by = 220 iney, (2d)
Vp(nz)

Here, n; and n, are the complex refractive indices of the
materials at the different positions, and the phase shift

A¢p = 4T”/J cosO encodes a possible geometrical height differ-
ence (see Supplement 1, Section 5). We can connect this model
to a set of quantities that can be accurately derived from two pty-
chography datasets recorded for s- and p-polarization at a single
angle:

O, (m,)
Op (m,)

_ O.(my)
O: (mZ) ’

_0,(m)

D1 = = .
0,(m;)
(3)

) 2=

s L3 4

’ O, (my)
Op (my)

The coordinates m; and m; refer to spatially separated pixel coor-
dinates where n; and n; are present. The first two ratios D and D,
describe the change of reflectivity when altering the polarization.
As Dy and D, are derived from two independent ptychography
reconstructions, only the absolute values are well defined. The
latter two ratios D3 and Dy are complex-valued and compare the
reflectivity at m; with the reflectivity at m,. Both Dj and Dy are
evaluated within the same reconstruction. Therefore, global phase
offsets are identical and cancel out.

The values D;_4 directly relate to the functions in Eq. (2) and
provide six measurements for five unknowns to enable unique
determination of n;, ny, and 4. As directly inverting the for-
ward model is not possible due to its non-convexity, we define a
differentiable loss function to retrieve these quantities iteratively,

4

1 1
L , Ny, h) = Di = filmy, my, D) 4| = = ————~| ).
H(Hl n ) ;(l f(nl n; )l D,' ﬁ(n],nz,}))D

4)

The loss function consists of both the ratios D; and its reciprocal
1/ D;, which makes it symmetric with respect to the order of the
two clusters and polarizations, removing any bias. We minimize
this loss function with respect to nj, ny, and 4 via an automatic-
differentiation-based gradient descent algorithm [43]. While data
at a single angle are in principle sufficient, the reconstruction can
be improved in accuracy and robustness by using data recorded at
multiple incident angles. For such combined reconstructions, we
define a new loss function L = NL(; ZZM’ Lg,, being the aver-
age of the loss functions at different angles. In this way, spatially
resolved maps of complex refractive indices and height variations
can be reconstructed by pairwise comparison of different posi-
tions within the ptychography images. It should be noted that
our approach is tailored to objects that exhibit spatial variations
of the refractive index, i.e., containing two or more materials, to
ensure that Egs. (2) and (3) contain sufficient independent mea-
surements. But this is not a significant constraint, as there would
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not be a need for imaging ellipsometry if a sample does not contain
such spatial structure.

B. Clustering on Complex Values

While our ptychographic imaging ellipsometry concept in prin-
ciple works with the data from single pixels at coordinates m; and
m; as input for Eq. (3), realistic samples contain a limited amount
of materials. Especially lithographic nanostructures as found in the
semiconductor industry typically consist of structured stratified
layers made from different elements. Therefore, using clustering in
the analysis is a natural analytical step to identify and group areas
with constant optical properties.

We apply k-means clustering [46] on a dataset comprising
ptychography reconstructions from 5 different angles in the range
51° <6 < 57° illuminated with both s- and p-polarized EUV light
at A = 38 nm. The range of angles is selected based on the contrast
within the measured diffraction patterns, overall reflected flux, and
the tilt-induced deformation of the diffraction patterns.

Performing measurements at more grazing angles (6 > 57°)
leads to a loss of contrast between the 0 and higher orders in the
diffraction pattern. This is caused by height steps within the sample
that average around 75 nm, resulting in a 277 -shift close to 8 & 59°.
On the other hand, measuring at more oblique incidence 6 < 51°
results in low flux and thus long measurement times (& 2 h). Each
measurement is reconstructed individually, leaving us with relative
reflectivities per angle and polarization state.

The result of the clustering analysis is shown in Fig. 3(a). In
the analysis, we use the real and imaginary part of the reconstruc-
tions at each illumination angle and polarization state, which
yields 20 independent data elements per pixel. The clustering
algorithm clearly identifies four areas that correspond to the Cr-
and Au-layers, each having two distinct height steps. The analysis
assigns a fifth cluster to the edges of the spatial features, with a
width of approximately the resolution limit of the image, where
the amplitude and phase are less well defined. These clusters
match the different areas observed in the individual ptychography
reconstructions and AFM data from Figs. 2(a), 2(b).
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C. Retrieving Complex Refractive Indices of Clusters

As mentioned previously, in principle it is possible to find a unique
solution for ny, ny, and / from data at a single angle, as there are as
many unknown parameters to solve as independent constraints in
the loss function. However, the height step induces a phase shift of
A¢p = 4%/7 cos 6, which may lead to phase wrapping (A¢ > 27)
for larger heights and steeper incidence angles. Such phase ambi-
guities are resolved by combining measurements at multiple
incidence angles, since each angle has a different relation between
phase and height. As discussed above, we generally perform recon-
structions based on multi-angle data to improve accuracy, using
the combined loss function that averages over multi-angle datasets.
Gradient descent optimization with this loss function is sensitive
to the phase shifts between different angles. As a result, this opti-
mization has a well-defined global minimum within a larger height
range (Supplement 1, Fig. §13).

Starting out from the clustered images as shown in Fig. 3(a)
allows reconstruction of 7, £, and /4 based on the amplitude and
phase values from each cluster C; as the input to the model. To
evaluate ratios Dj_4 from Eq. (3) for each cluster, we define
O;.,(C;) :=(0; ,(m))mec;. The optimization procedure then
yields refractive indices of ny, = (0.86 £ 0.01) + (0.54 &+ 0.02)7
and nc, = (0.82£0.01) + (0.24 £ 0.01)7, which are in good
agreement with literature values (ngtu =0.81+0.407 [47],
nlé‘r =0.81 + 0.157 [48]). The uncertainties are evaluated via the
standard deviation after convergence, starting from 2000 initial
guesses. The starting values are drawn from a uniform distribution
ranging from mny,, nc, € U[0.25, 0.75] +U[0.25, 0.75]; and
h € U[—35, —29] nm. Despite the variation in starting guesses, all
values converging to a small standard deviation indicate robustness
against local minima and hence a suitable choice of loss function.
Their distributions after 104 iterations are shown in Figs. 3(b)-
3(c). In parallel, we recover the height step between the gold and
chromium layers /a,.c: = —34.5(1.1) nm. Compared to liter-
ature values for bulk materials, we find a small overestimation of
the imaginary part for both materials. While the error bar on the
literature values may also be significant, a possible cause for this
discrepancy is the fact that we measure on thin films, which may
contain grain structure that induces additional scattering losses.

Retrieved refractive index (C) Retrieved height
—Nauo  ~~~Kauo 30
1~ Ncro -==-kcro <
20 4 2
W 2
) . 10 3
.‘rl :' A . 0L . .
0 0.2 0.4 0.6 0.8 1.0 -35.0-34.5-34.0
n, k height [ nm ]
Dy, D; (e) Ds (f) Dy
P e D1 2 ® real 2 ® real
[ ] ® D2 ® imag ® imag
° ° 1 /././‘ 14
0o ® 0 _/‘/
-1 n—n/./. -1
52.5 55.0 52.5 55.0 52.5 55.0
AOI["] AOI["] AOI[°]

Clustering and retrieval of refractive indices for two clusters. (a) The combined reconstructions assigned to their k£-means clusters (here: £ =5).

All'5 illumination angles and both s- and p-polarization measurements were used for clustering. The first four clusters correspond to the material and height
steps in the samples, whereas the last cluster (“Edges,” yellow) represents edges. Edges show artifacts due to reflection geometry and misalignment of the
individual reconstructions. The refractive indices and relative height step between clusters “Au 0” and “Cr 0” are retrieved by fitting to their complex ratios.
(b, ¢) Distributions (normalized density plots) of retrieved complex refractive indices and height step between both clusters, using different initial values.
(d-) Averaged ratios D;_4 of the two clusters “Au 0” and “Cr 0.” The lines plotted correspond to the fit given the retrieved complex refractive indices.
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In Figs. 3(d)-3(f), the complex ratios are shown for D, 5, Dj,
and Dy, respectively. Note that D3 and Dy are complex-valued.
Hence, their real and imaginary parts are plotted separately. The
accurate fit for D3 and Dy compared to D; and D, highlights the
importance of quantitative phase retrieval at both polarization
states from single images. The reciprocals of the ratios, which are
required for evaluating the loss function from Eq. (4), are shown in
Supplement 1, Fig. S11.

D. High-Resolution Mapping of Optical Properties

While the analysis based on k-means clustering is quite generally
applicable for analyzing nanostructured surfaces, in principle
our ptychographic ellipsometry approach can be applied to the
reconstructed images on a pixel-by-pixel basis as well, to provide
high-resolution spatial maps of the optical properties and height
variations. The approach is mostly identical, retrieving the com-
plex ratios D; to Dy in Eq. (3) by comparing different pixels within
an image. However, since the signal from a single pixel is typically
less accurate than for a clustered area, the choice of a reference
position will influence the retrieved values more significantly. As
a reference for the retrieval of 7, k, 4, we took the mean amplitude
and phase values from the pixels included in the gold surface cluster
Au 0. In Supplement 1, Fig. S10, we show the resulting maps of the
D parameters from Eq. (3) that serve as the input for the retrieval.
By performing such a reconstruction where we optimize the loss
function on each pixel, we obtain maps of 7, £, and 4 as shown
in Figs. 4(a)—4(c). Since the real part of the refractive indices for
gold and chromium from literature are close (n},{tu ~ nlé‘r =0.81),
a homogeneous real part of the refractive index map is expected

in Fig. 4(a). On the other hand, the imaginary part in Fig. 4(b)

Refractive index map (real)

(a)

(c)

Fig. 4.
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shows a clear distinction between different materials, with the
rectangular chromium patterns being clearly visible. However,
both the real and imaginary parts still resemble spatial structures
where only a height step is present, but the material is not changing.
The retrieved height map in Fig. 4(c) shows four distinct height
steps that correspond to the different materials, similar to the AFM
measurement in Fig. 2(b).

As the sample consists only of a discrete set of elements and
height steps, and the parameter retrieval is performed independ-
ently for all pixels, the variation in the final results is a measure
of the accuracy of the retrieved quantities. In Fig. 4(d), we show
the distributions, plotted for each cluster individually. For both
elements, we find a broadening for clusters assigned to the grooves
of the sample. More clearly separated are the retrieved heights for
different clusters. With an increasing distance from the reference
plane (/) =0nm) and a simultaneously decreasing feature size,
the distribution is broadened, similar to the observations for the
refractive indices. The reason for this behavior is readily under-
stood when looking at the minimization landscape (Supplement 1,
Fig. $13), showing regular and deep local minima at heights cor-
responding to 27 phase steps in the optical path length. While the
angular diversity in the dataset ensures that the correct minimum
is uniquely defined, the experimentally accessible scan range could
be increased for more robust convergence. The mean and standard
deviation are summarized in Table 1.

To assess the accuracy of the ptychography reconstructions
and their influence on the refractive index retrieval, we repeated
this analysis using data from single angles. For the images with
the highest signal-to-noise ratios (angle of incidence 51°, 52°,
and 53°), the resulting refractive index values are consistent

(b) Refractive index
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( ginary) 08

|
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High-resolution spatial maps of retrieved the optical properties. (a, b) Real and imaginary parts of the reconstructed refractive indices. (c)

Reconstructed height map of the sample. To reconstruct the maps in (a,b,c), the ratios of all pixels were evaluated with respect to the complex reflectivities
averaged in a clustered region of “Au 0.” For that purpose, the complex reflective index in that region retrieved in the cluster analysis was used as a reference.
(d) Top: distribution of spatially varying of the real and imaginary parts from (a) and (b), plotted as solid and dashed lines, respectively. Bottom: distribution
of spatially varying reconstructed height map. In both cases, the distributions are normalized density plots categorized per cluster.
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Table 1. Mean and Standard Deviation for n, k, and h
Using Distributions from Fig. 4(d)

Cluster n k h [nm]
Au0 0.86 £ 0.06 0.55+0.08 —0&%1
Aul 0.8540.06 0.36+0.13 —72+£2
Cr0 0.83 +0.04 0.26 +0.07 —35+2
Crl 0.88 £0.06 0.17£0.10 —108+4

with the values in Table 1, with an increase in error bars between
20%-100%. The error increases further for the datasets taken at
higher angles, due to the lower contrast in the diffraction patterns
in that range. This analysis shows that independent ptychogra-
phy measurements provide consistent results, and indicate that
the accuracy of the refractive index reconstructions is mainly
determined by signal-to-noise ratio and statistics.

Our measurements were performed with a detection numerical
aperture (NA) of 0.063, which results in a diffraction limit of 300
nm. Khnife-edge analysis of our retrieved ptychography images
indicates that we indeed achieve such a resolution. While there is
still significant room for improvement by implementing higher-
NA EUV detection [17,32,33], the current resolution already
goes well beyond state-of-the-art optical imaging ellipsometers
[25-27], while maintaining the advantages of low-NA analysis
where averaging over angular ranges is limited.

4. DISCUSSION AND CONCLUSION

Our results show that our ptychography-based approach to
ellipsometric EUV imaging provides quantitatively accurate, high-
resolution structural information about complex nanostructured
samples. The phase and amplitude information obtained from
consecutive ptychography scans at s- and p-polarization is found to
be sufficiently accurate to serve as the basis for further quantitative
analysis. The main advantage of ptychographic imaging is the
reconstruction of accurate complex field information. This feature
enables a reconstruction approach based on ratios of complex fields
at different object positions Dj 4 in Eq. (3)], which we find to be
a powerful constraint in retrieving the optical properties of the
object. Especially in the EUV range, where both phase-sensitive
measurements and high-resolution imaging are particularly
challenging, our approach provides a significant advantage.

Our reconstruction approach is based on iterative optimization
using a differentiable forward model, which in the present study
consisted of the Fresnel equations for surface reflections combined
with spatial height variations. However, the model can be adapted
and/or extended to include other material properties that influence
the reflected field. Therefore, the present study provides a template
for other forms of quantitative imaging, potentially also including
functional properties if the time resolution of the measurement is
sufficient. While we use EUV light (38 nm) for high transverse and
height resolution and element contrast, ptychographic imaging
ellipsometry should in principle work with any coherent light
source.

The nonlinearity of high-harmonic generation increases the
experimental complexity, as intensity fluctuations, beam drift,
and decoherence in combination with long exposure times, lead
to deviations from the ideal diffraction patterns. Furthermore,
the set of multilayer mirrors that we used to select a single har-
monic wavelength around 38 nm still has finite reflectance for

adjacent harmonics (see Supplement 1, Section 3), which in prin-
ciple should be included as additional probe modes at different
wavelengths in the diffraction patterns. Attempts to perform such
multi-wavelength reconstructions failed to converge, most likely
due to the relatively low flux of the remaining harmonics, and the
strong dispersion of the sample. While that observation means that
the weak signal in these background harmonics does not signifi-
cantly influence the retrieved object field at the main harmonic
when performing single-mode reconstructions, it is a probable
reason for the appearance of speckles in the reconstructed object
images. Such speckles are apparent when comparing the ptychog-
raphy reconstruction in Fig. 2(a) with the AFM height map shown
in Fig. 2(b). Although individual ptychographic reconstructions
[Fig. 2(a)] exhibit speckle-like artifacts due to partial coherence
and residual background contributions, these artifacts vary with
illumination angle and polarization and therefore do not form
consistent features across the full multi-angle, multi-polarization
dataset. Therefore, such artifacts in individual reconstructions
did not influence the final map of complex refractive indices and
height data.

The retrieved height values (see Table 1) are in good agreement
with independent measurements using AFM. An even higher
accuracy can be reached if the reconstruction is limited to height
steps only, keeping the refractive indices fixed. As the comparison
between different materials involves the determination of multiple
parameters, the accuracy of each individual parameter is naturally
lower compared to a single-parameter fit.

Odur analysis does not explicitly include surface roughness, as
the lithographically produced samples had very smooth surfaces.
From AFM analysis, we estimate the rms roughness to be around
1 nm for both the Cr- and Au-coated areas, which would result
in a negligible contribution to the Fresnel equations based on
an estimate of the Debye—Waller factors [7]. To still investigate
the potential influence, we have performed an extended analy-
sis including such roughness effects (see Supplement 1, Section
9). This analysis indeed showed a minor effect, within the error
margins of the measurement. However, inhomogeneities in the
deposited thin film structures could lead to scattering losses that
lead to an overestimation of the 4-values compared to literature
values for bulk media. Furthermore, the results could also be influ-
enced by the oxidation of the Cr, although such a film would have
a thickness on the order of a Nanometer as Cr oxidation results
in a passivating layer. Another potential systematic error is the
accuracy with which the incident angle is determined, which can
affect both reconstruction quality and height estimates. Tests with
reconstructions at slightly different angles show that these effects
are insignificant for our experimental parameters and angular
accuracy. As each dataset consists of multiple independent image
reconstructions, accurate co-registration of these images is an
important aspect for the parameter estimation. Currently, this is
achieved by overlapping edges, which is wellsuited for samples that
contain sharp edges. Any misalignment would mainly affect the
retrieved material properties at those edges, effectively reducing the
spatial resolution.

Opverall, we conclude that our ptychography-based approach
to imaging ellipsometry is flexible and yields accurate results. It
enables quantitative imaging in spectral ranges that are challenging
in terms of optics, such as the extreme ultraviolet. As a next step,
the method can be extended to more complex structures, includ-
ing partially transparent layers and larger amounts of elements.
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Interestingly, the presence of more materials adds more independ-
ent equations than unknowns, which could lead to a more robust
reconstruction. However, an increased number of clusters would
of course also affect the statistics per cluster, so a decisive statement
on performance and accuracy for such structures requires a more
in-depth analysis. These aspects will be addressed in future work.
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