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ABSTRACT. Background: The continuous shrink of device dimensions in the semiconductor
industry drives the need to improve optical microscopy techniques that are often
used in overlay metrology. Achieving sub-nanometer overlay metrology precision
requires near-perfect imaging conditions and an almost complete suppression of
imaging artifacts.

Aim: Digital holographic microscopy (DHM) has been presented as a promising new
overlay tool measuring the full complex-valued field, giving one computational
access to the pupil plane. The unique characteristics of a holographic imaging sys-
tem in combination with prior knowledge of the object under study show the capabil-
ity to advance semiconductor metrology. This technique enables a further reduction
in metrology target size while also offering opportunities to improve precision.

Approach: We present experimental results on a model-based signal separation
technique using digital pupil filtering for two different metrology challenges and
demonstrate strong suppression of nuisance signals without resolution loss.

Results: We will present two experimental examples of different types of pupil filter-
ing in DHM allowing for larger region-of-interest selection to improve the diffraction-
based overlay metrology precision and accuracy.

Conclusion: We experimentally demonstrate that model-based signal separation in
the pupil plane can significantly enhance the overlay metrology capabilities in cases
where prior knowledge of the sample is present.
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1 Introduction
Over the years, diffraction-based overlay metrology (DBO) has been widely accepted as an opti-
cal overlay (OV) metrology technique that offers robustness and sub-nanometer precision on
overlay-critical layers. In DBO metrology, the lateral alignment with respect to a previous wafer
layer in the multilayer stack is measured on dedicated metrology targets consisting of overlap-
ping gratings.1–4 High overlay accuracy and robustness on smaller grating marks with low dif-
fraction efficiency require a strong suppression of undesired signals that impact the desired signal
that carries the relevant overlay information. This becomes even more relevant for metrology
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applications that ask for dense intrafield sampling schemes where overlay must be measured on
many points in a field.5 For these cases, there is a need to make the overlay target as small as
possible while still maintaining good metrology precision.6,7

In DBO metrology, OV targets (e.g., μDBO targets) consisting of two overlapping gratings
are illuminated resulting in a þ 1st and −1st diffraction order. In the case of perfect overlap, or
zero overlay, the target is symmetric, and hence, the two diffraction orders have equal intensity.
Once there is a mismatch in overlap, or an “overlay error,” a difference in the intensity of the
diffraction orders is measured, which scales linearly with the overlay value. As OV values are
typically small compared with the pitch of the target, the intensity difference is given by

EQ-TARGET;temp:intralink-;e001;114;494A ¼ Iþ 1 − I−1 ¼ K × OV; (1)

where Iþ 1 and Iþ 1 are the þ 1st and −1st diffraction order intensities, respectively, and K is the
unknown stack-dependent sensitivity. To determine the OV value without the knowledge of K,
a known bias d is added to the OV targets, as shown in Fig. 1(a).

One grating pair has a known bias shift of þ d, and the second grating pair has a known bias
shift of −d. This results in four measured intensities, I−dþ 1, I

þ d
þ 1 , I

−d
−1 , and I

þ d
−1 , where þ 1 and −1

refer to the diffraction orders and þ d and −d to the biased pad, which is measured [Fig. 1(b)],
lead to two measured intensity differences

EQ-TARGET;temp:intralink-;e002;114;387Aþ ¼ K × ðOVþ dÞ ¼ Iþ d
þ 1 − Iþ d

−1 ; (2)

EQ-TARGET;temp:intralink-;e003;114;350A− ¼ K × ðOV − dÞ ¼ I−dþ 1 − I−d−1: (3)

Combining Eqs. (2) and (3) gives an expression for the overlay:

EQ-TARGET;temp:intralink-;e004;114;330OV ¼ d

�
Aþ þA−

Aþ − A−

�
: (4)

Further details on DBO and μDBO targets are provided in Refs. 1, 5, and 8. Currently,
optical overlay metrology is measured in a dark-field microscope and requires approach sub-
nanometer accuracy levels,4 which requires intensity level measurements in DBO with a relative
precision of the order of 0.01%.8 Today, these precision levels are easily realized on targets with a
dimension of around 16 × 16 μm2. However, as mentioned earlier, dense intrafield sampling
schemes ask for significantly smaller target sizes well below 10 × 10 μm2.5

A reduction of the target size comes with very significant challenges and finite grating
effects. For example, a smaller target suffers more from intra-target variations.5 Therefore, the
area where the average intensity level is calculated from, i.e., region-of-interest (RoI), should
preferably cover the entire grating for small targets, as illustrated in Fig. 2(b). Moreover, a larger
RoI will benefit the precision as more photons are available for the overlay measurement.

Dark-field imaging of the grating, as shown in Fig. 3(a), results in collecting the first dif-
fraction order. For best image quality, it is desirable to completely suppress the zeroth order. In
practice, however, due to the finite size of a target, a small amount of zeroth-order light leaks into
the imaging optics leading to a decrease in imaging quality. This is illustrated in Fig. 3(a), where
the zeroth order diffraction (indicated in red) broadens due to the finite grating size. The finite
size of the grating causes a sharp change in reflectivity at the edge of the grating. The grating has
a reflectivity of R1, and the top layer has a reflectivity of R0, as shown in Fig. 3(a).

Fig. 1 Concept of a μDBO target. (a) Two overlapping grating pairs with a known bias þ d and −d
resulting in an intensity difference þA and −A. (b) Illustrative concept of intensities on an OV
target.

van Gardingen-Cromwijk et al.: Enhancing diffraction-based overlay metrology. . .

J. Micro/Nanopattern. Mater. Metrol. 044006-2 Oct–Dec 2024 • Vol. 23(4)



The sharp edges of a finite grating will result in a broadening of the zeroth order signal in the
spatial frequency domain. This broadening is inversely proportional to the grating size and will
become quite severe for small targets that contain only a few grating lines. Figure 3(b) shows how
these diffraction orders leak into each other, due to the small grating width W ¼ 4 μm in com-
bination with a reflectivity difference of the grating R1 and the top layer R0. Figure 3(c) illustrates
this broadening of the zeroth order diffraction leaking into the right side of the 2D case of a pupil,
indicated by the dashed red line. In the grating image, zeroth order leakage results in a bright
edge of the target and an interference pattern within the target degrading the image quality. For
16 × 16 μm2 size targets, the RoI can be reduced such that bright edges are excluded from the
RoI, as simulated in Fig. 4(a), where the red square indicates the RoI. In the case of smaller
targets (e.g., 4 × 4 μm2), the RoI cannot be reduced because of the intratarget OV variation due
to line edge roughness.5 For large gratings, this effect averages out, but for small gratings, that no
longer happens. The OVerror due to intratarget variations can be minimized by making the RoI
as large as the grating. By doing so, the bright edge ends up within the RoI, limiting the DBO
metrology performance, as shown in Figs. 4(b) and 4(c).

Fig. 3 Illustration of zeroth diffraction order leakage concept in (a) dark-field configuration, (b) the
1D pupil plane, and (c) the 2D pupil plane. Purple indicates the incoming beam in panel (a), blue
represents the −1st diffraction order, and red represents the zeroth diffraction order.

Fig. 4 Simulation of a (a) 16 × 16 μm2 and (b) 4 × 4 μm2 μDBO target with zeroth diffraction order
leakage resulting in bright edges and (c) a magnified image of panel (b). The red box indicates the
RoI.

Fig. 2 RoI selection for conventional (a) and small (b) μDBO targets.
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Second, an RoI until the grating edge results in an OV measurement, which is more sensitive
to light leakage from surrounding structures. Photons originating from bright surrounding struc-
tures next to the target of interest can leak into the RoI of the overlay target, influencing the
accuracy of the overlay measurement. Especially, in coherent imaging systems such as digital
holographic microscopy (DHM), Gibbs ringing not only leads to degradation of the image qual-
ity but also increases the optical crosstalk, i.e., light leakage from surrounding structures into the
metrology target.

In this study, we will present a digital pupil filtering technique that allows us to suppress
target-specific artifacts in optical overlay metrology using model-based filtering. We will dem-
onstrate the effectiveness of our technique by presenting nuisance suppression for two different
applications. This will allow for a larger RoI enabling the future use of smaller μDBO targets.
To use digital pupil filtering techniques in dark-field microscopy, the full complex-valued field
should be retrieved. This can be achieved with off-axis dark-field DHM, which has been pre-
sented as a promising new overlay metrology tool8–11 and will be explained in Sec. 2.

2 Dark-Field Digital Holographic Microscopy
Our off-axis DHM concept distinguishes itself from other microscopy techniques by recording
the image of an object as a digital hologram using a reference beam. The þ 1st and−1st diffracted
beam coherently interferes with their corresponding off-axis reference fields resulting in two
overlapping digital holograms on the camera sensor [Fig. 5(a)].12

The object image can be reconstructed from the digital hologram [Fig. 5(b)], using fast
Fourier transform (FFT) techniques [see Figs. 5(c)–5(e)]. Using a 2D-FFT, we computationally
propagate from the image plane to the pupil plane and obtain an angular spectrum with a base-
band, i.e., autocorrelation signal and four sidebands [Fig. 5(c)]. The baseband is always posi-
tioned at the center of the Fourier space and does not contain any information about the phase of
the object or the angle of the reference wave. The sidebands encode the amplitude and phase
information of the sample image. Due to the off-axis angle configuration of the reference beams,
the sidebands are fully separated from the baseband.8,13 One of the sidebands is spatially filtered
using a circular numerical filter, which matches with the exit pupil of the objective lens and is
translated to the center of the pupil plane [Fig. 5(d)]. Finally, via an inverse Fourier transform,
the object field of either the þ 1st and −1st is retrieved [Fig. 5(e)].

In the exit pupil, before an inverse Fourier transform is applied [Fig. 5(d)], a digital filter
can be applied to filter the signal of interest. Such a filter can be a global window such as an
apodization window,14 to suppress the overall coherent ringing effects or a specific pupil window
to suppress the diffracted light that should not contribute to the OV signal. The use of an

Fig. 5 Schematic illustration of off-axis holographic recording and processing concept.
(a) Schematics of the dark-field off-axis digital holography microscopy concept. (b) Recorded dig-
ital hologram with two overlapping interference patterns of the þ 1st and −1st diffraction orders.
(c) The angular spectrum of the digital hologram retrieved by performing a 2D-FFT back-
propagating to the pupil plane. (d) Selecting the sidebands and translating them to the center
of the pupil plane. (e) Reconstructed object fields via inverse FFT of the selected sideband, result-
ing in the retrieval of the object amplitude and phase information.
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apodization filter is a well-known solution to suppress signal imperfections. These filters do not
require any prior knowledge and have been explored in our DHM concept for OV metrology as
well.15 Such apodization pupil filters effectively reduce Gibbs ringing effects; however, it will
always be at the expense of resolution due to the broadening of the point spread function.
Therefore, the main drawback of these previously studied apodizers is that images lose resolu-
tion: the target becomes more blurry. In the semiconductor industry, optical metrology is usually
done on dedicated well-defined metrology targets with known dimensions. This prior knowledge
of the metrology target allows the use of model-based filtering techniques that suppress undesired
nuisance signals without losing spatial resolution. In Sec. 3, we will present this model-based
digital pupil filter using prior knowledge of the OV metrology target and the used experimental
DHM setup.

3 Methods

3.1 Model-Based Digital Pupil Filter
In semiconductor manufacturing, the basic parameters of the overlay metrology target are typ-
ically known. Examples of such parameters are size, grating pitch, and duty cycle of the grating.
Having prior knowledge of the size, geometry, or pitch of an overlay metrology target allows for
designing a model-based filtering window such that only the diffracted light from the target of
interest passes through the pupil. The OV metrology target, for example, consists of square
gratings. Backpropagating a square grating to the pupil plane by Fourier techniques results
in a 2D-sinc function,16 as illustrated in Fig. 3(b). The blue 2D-sinc function illustrates the
−1st diffraction order in the Fourier plane, and the red 2D-sinc function indicates the zeroth
diffraction order. The peak of the zeroth diffraction order is not collected in the pupil, but
due to the broadening, a small portion leaks into the pupil numerical aperture (NA), indicated
by the dashed red circles.

Using the prior knowledge that the zeroth diffraction order leakage shows up as a 2D-sinc
function in the pupil, we can fit a model to the measured data. Such a model contains two 2D-sinc
functions with a relative phase difference. After fitting the model, the zeroth diffraction order
contribution can be subtracted from the measurement. This allows one to separate the first- and
zeroth-order diffraction signal in the pupil and retrieve an image without the zeroth-diffraction
order artifacts. The flowchart of this filter technique is presented in Fig. 6.

This model-based technique also applies to other cases where optical crosstalk can impact
the quality of an overlay measurement. We can, for example, apply this method to reduce the
impact of optical crosstalk from light that is diffracted by structures that surround a metrology
target. This diffracted light can leak into the OVmetrology target degrading the OVmeasurement
accuracy. Reducing the impact of the signal coming from the surrounding structures could result
in more robust OV metrology. To test this scenario, here, a surrounding target is filtered in the
image plane, and using a Fourier transform a function, e.g., a complex 2D-sinc function, is fitted
to the signal in the pupil plane. This is done for all the surrounding structures and then subtracted
from the total measured signal, separating the OV signal from the surrounding signals. For both
pupil filtering technique examples, an experimental result is presented and discussed in Sec. 4.
Before presenting the results, we will first explain the experimental setup that we used to dem-
onstrate our model-based filtering technique.

Fig. 6 Algorithm flowchart of the pupil fitting technique, where blue and green represent the image
plane and pupil plane, respectively.
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3.2 Experimental Setup
The experimental data presented in this study were obtained using a breadboard setup of the
DHM concept. A schematic representation of the setup is given in Fig. 7, similar to the setup
described in Ref. 17.

The DHM-setup consists of a fiber coupled supercontinuum white light source (Leukos
Rock 4005) combined with an acousto-optical tunable filter (AOTF). The AOTF provides beams
with a bandwidth in the range of 3 to 8 nm and covers the visible wavelength range from 400 to
700 nm. The beam intensity from the coherent light source is split with a 90:10 beamsplitter to
create an illumination and reference beam, respectively. In our DHM design, it is preferred for the
object and reference beams to have nearly equal intensity. Considering the diffraction efficiency
of the OV target’s 1st diffraction order, we have selected a beamsplitter ratio of 10:90. Thereafter,
a 50:50 beamsplitter is used in both paths for parallel acquisition of the þ 1st and −1st diffraction
orders. The light is then coupled in polarization-maintaining photonic crystal fibers (PM-PCFs),
Aeroguide-15-PM, where each reference fiber is placed on a translation stage that acts as a tun-
able delay line. The PM-PCFs transmit the light from the beam-splitting part [Fig. 7(a)] to the
sensor head [Fig. 7(b)]. The sensor head has two off-axis illumination arms, which illuminate the
target from opposite directions at an incident angle of ∼70 deg with respect to the normal plane
of the sample. Light diffracted from the sample is then captured by the lens and imaged on the
camera sensor. The imaging lens is a custom-made objective manufactured by Anteryon.11 The
objective has a numerical aperture of 0.8 and consists of two lens elements, where one lens is an
asphere. The design wavelength is 650 nm. At the camera level, the þ 1st and −1st diffracted
orders coming from the overlay target then coherently interfere with their corresponding refer-
ence beams resulting in two overlapping off-axis digital holograms. The image sensor is a 12-bit
complementary metal-oxide semiconductor camera (Basler acA4112-8gm) with a 12 Mpixel
sensor and a pixel size of 3.45 μm. A photograph of the experimental setup is presented in
Fig. 8.

3.3 Overlay Sample
The used overlay sample in this study consists of three layers: a bottom layer, a spacing layer, and
a top layer. The bottom grating is etched in silicon with an etch depth of 100 nm. The spacing
layer on top of the etched bottom grating is a 100-nm bottom anti-reflection coating. The last

Fig. 7 Schematic representation of the experimental setup. (a) An AOTF selects the desired wave-
length coming from the spatially coherent white light source. The beam is cleaned from most of its
speckles by the spatial filter, after which the beam is split in a reference and illumination beam by a
10:90 beamsplitter. 50:50 beamsplitters split the beam into two illuminations and two reference
beams. The two reference beam fibers are placed on a translation stage to create two delay lines.
The beams are guided via PM-PCFs to the sensor head (b). The illumination beams are diffracted
on the sample via an objective under an angle of 70 deg. The imaging lens catches both the þ 1st

and −1st diffraction orders. The diverging reference beams are reflected via a mirror on the
camera.
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layer in this stack, forming the top grating, is a 100-nm photo-resist layer. The used bias of
the overlapping top and bottom grating is 20 nm.

4 Results
In DBO metrology, it is important to measure the relative intensity differences between the þ 1st

and −1st diffraction order signals as accurately as possible. Any imaging artifacts or target-
specific artifacts should be eliminated before extracting an overlay value. Here, we will present
two experimental examples of signal separation using digital pupil filtering in DHM with the
proposed fitting method from Sec. 3.1.

4.1 Zeroth Order Suppression

4.1.1 Metrology limitation

The finite size of the grating leads to a broadening of the zeroth order signal in the spatial
frequency domain. Figure 9(a) (simulation) shows this broadening of the zeroth order diffraction
leaking into the right side of the pupil. In the grating image in Fig. 9(b) (simulation), this results
in a bright edge of the target and an interference pattern within the target degrading the image
quality and limiting the RoI size.

With digital access to the pupil plane in DHM and prior knowledge of the target geometry,
we can suppress the zeroth order at the edge of the pupil. By doing so, we eliminate the increased
intensity at the edges of the target and the interference pattern within the target, which allows us
to select a larger RoI that helps to improve the OV metrology precision. This suppression will be
done by fitting the zeroth order shape, sinc function, in the retrieved pupil of DHM and then
subtracting that zeroth-order field from the pupil plane, as shown in Fig. 9(c). Here, the red line
represents a sinc function fitted to the pupil plane. The subtraction of the fitted zeroth order
results in a corrected pupil image [Fig. 9(d)] and its corresponding grating in the image plane,
as shown in Fig. 9(e). The cross-section of the grating images [Fig. 9(f)] shows that after cor-
rection (red line), the zeroth order artifacts are decreased significantly. The bright edges are sup-
pressed as well as the ringing behavior across the target.

Figure 10 shows a comparison between simulations of an unfiltered image (a), a filtered
image using window fitting (b), and a conventional apodization window (c) (Hamming window).
It is clearly visible that the bright edges of the grating are most effectively suppressed using a
fitting window. Moreover, using a strong apodization window to suppress the zeroth order leak-
age will always be at the expense of resolution due to the broadening of the point spread function.

Fig. 8 Photograph of the experimental setup, where panel (a) is the beamsplitter module and
panel (b) is the sensor part.
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4.1.2 Experimental result

We experimentally validated the approach as presented in Sec. 3.1. Figure 11 shows the exper-
imental results of zeroth diffraction order separation and subtraction in the pupil plane.

The Fourier transform of the 16 × 16 μm2 OV target, [Fig. 11(a)], results in two interfering
sinc functions in the pupil plane amplitude. To simplify the fitting a subset of metrology target is
selected in the image plane. The Fourier transform of the subset is now a simple single sinc
function, as shown in Fig. 11(b). Here, the zeroth order leakage is visible in the left edge of
the pupil plane, and in the corresponding image plane [Fig. 11(c)], the zeroth order leakage
is visible as clear bright lines at the edge of the grating. Moreover, an interference pattern with
horizontal lines is visible in the image plane as a result of the interference between the zeroth and
the first diffraction order. Fitting a sinc function to the zeroth order tail results in a function that
separates the zeroth order from the other signal. By subtracting the fitted zeroth order from the
measured pupil plane, we obtain a filtered pupil, as depicted in Fig. 11(d), and the corresponding
image plane in Fig. 11(e). It is visible that after the zeroth diffraction order leakage is filtered out
of the pupil plane, the bright edge as well as the interference pattern on the target pad are gone.
Only the coherent Gibbs ringing is left, which is then suppressed using a soft apodization

Fig. 9 Due to the finite grating size, the zeroth order diffraction broadens and ends up leaking in
the edge of the pupil (a) (simulation). This results in a bright edge in the grating image (b) (sim-
ulation). Subtraction of the fitted sinc function to the measured pupil (c) red and blue, respectively,
results in a corrected pupil (d) (simulation) and the corresponding corrected grating image (e).
Cross sections of grating images (f).

Fig. 10 Simulated comparison of a 10 × 10 μm2 grating with a 600-nm pitch and measurement
wavelength 632 nm, using a raw, a fitting correction, and an apodization window.

van Gardingen-Cromwijk et al.: Enhancing diffraction-based overlay metrology. . .

J. Micro/Nanopattern. Mater. Metrol. 044006-8 Oct–Dec 2024 • Vol. 23(4)



window. Applying a soft apodization window (i.e., Hamming window) to the corrected pupil
plane [Fig. 11(d)] results in Figs. 11(f) and 11(g). This analysis can be repeated for the second
subset of the metrology target. The cross sections of the raw, fitted window, and fitted window
with apodization window images are presented in Fig. 11(h).

With the zeroth diffraction order suppression, the target has a more homogeneous intensity
distribution over the target and the bright edges, as shown in Fig. 11(h). This allows for a larger
region-of-interest (RoI) selection inside the target and makes the RoI position less critical. An
example of RoI selection is indicated with a red square in Fig. 12(a). The OVerror as a function
of a square RoI size is presented in Fig. 12.

Figure 12(g) shows the calculated OVerror, using Eq. (4) with d ¼ 20 nm, as a function of
RoI size for the raw intensity images (blue), zeroth diffraction order corrected (red), and zeroth
diffraction order corrected with an additional soft apodization window (black). The programmed
OV error of this test target equals 0 nm. The measured OV error for the raw intensity varies by
0.6 nm for a RoI size ranging from 4 to 7 μm due to the zeroth and first diffraction order inter-
ference. When the RoI becomes larger than 7.3 μm, the OV error increases up to 2.2 nm due to
the bright target edge. With the zeroth diffraction order filtered using a fitting window in the pupil
plane, the bright edge and interference pattern are removed from the signal resulting in a more
homogeneous intensity, resulting in a more stable measured OVerror as a function of RoI size, as
shown with the red curve. The residual low frequent oscillation is caused by Gibbs ringing due to
the hard cut-off of the pupil edge. This can be suppressed by applying a soft apodization window,
i.e., Hamming window. After filtering the pupil and applying an apodization window, the mea-
sured OVerror as a function of RoI is stable within a range of 0.2 nm. This method allows for the
use of a larger RoI inside the target, resulting in more measured photons making the measure-
ment more precise. Second, filtering out the bright edge makes the RoI position less critical.

Fig. 11 (a) A measured 16 × 16 μm2 overlay target with a pitch of 600 nm measured at 632 nm
wavelength. (b) The Fourier transform of a subset from (a) representing the exit pupil plane in. (c) A
raw grating image of the inverse FFT (b). (d) A corrected pupil image using window fitting and
its corresponding corrected image (e). (f) A hamming apodized window applied to the corrected
pupil plane and its corresponding grating image (g). (h) A horizontal cross-section of the grating
image (c), (e), and (g).
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The 3σ static repro number is 0.5 nm for this setup. No dynamic repro numbers are available for
this experimental setup.

A comparison between zeroth diffraction order filtering in combination with apodization and
conventional apodization only is presented in Figs. 13(a) and 13(b), which show the measured
þ 1st diffraction order of the OV target with a fitting window combined with apodization and
apodization only, respectively. Figures 13(c) and 13(d) show this for the −1st diffraction order.
The OV error as a function of square RoI size is presented in Fig. 13(e). It shows that a conven-
tional apodization window still suffers from zeroth diffraction order leakage, degrading the OV
measurement precision, whereas filtering the zeroth diffraction order using a fitting window
allows for a larger RoI, which becomes especially relevant for smaller (in-die) overlay targets.

Previous presented experimental results were obtained using on 16 × 16 μm2 overlay tar-
gets. To verify that our zeroth order filtering method improves DBO metrology on small targets,
4 × 4 μm2 overlay targets with two 2 × 2 μm2 grating pairs were measured. The pitch of the
grating is 500 nm and measured with a wavelength of 532 nm. The retrieved OV values as
a function of the programmed OVare plotted in Fig. 14. The blue dots represent the measurement

Fig. 13 þ 1st, (a), (b) and−1st (c), (d) diffraction order of a 16 × 16 μm2 overlay target with a pitch of
600 nm measured at 632-nm wavelength. Panels (a) and (b) show the measured þ 1st diffraction
order of the OV target with a fitting window combined with apodization and apodization only, respec-
tively. Panels (c) and (d) show this for the −1st diffraction order. (e) OV error as a function of square
RoI size, where red represents the fitting and Hamming apodization window combined and blue
represents a Hamming apodization window only.

Fig. 12 þ 1st (a), (b), (c) and −1st (d), (e), (f) diffraction order of a 16 × 16 μm2 overlay target with a
pitch of 600 nm measured at 632 nm wavelength. Panels (a) and (d) show the raw intensity
images, where the red box indicates an example of a RoI selection. Panels (b) and (e) have the
zeroth diffraction order leakage filtered in the pupil plane using a fitting window. Panels (c) and
(f) have the zeroth diffraction order leakage filtered with an additional Hamming apodization win-
dow. Panel (g) shows the calculated OV error as a function of RoI size for the three different cases.
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points, and the red line shows the linear fit through the retrieved OV values. Figure 14(a) rep-
resents the retrieved OV where no zeroth order suppression was applied. Therefore, the RoI was
chosen to be 1 × 1 μm2, which is smaller than the target size. This results in slope of 1 with an
offset of −11.8 nm. During this measurement, no Tool Induced Shift correction was applied,
resulting in a constant slope offset. The relevant parameter here is R2, which is equal to 0.96.
In Fig. 14(b), the retrieved OV plot is shown with zeroth order suppression applied and a RoI
equal to 1 × 1 μm2. The R2 value slightly improved and is equal to 0.97. However, as presented
in Fig. 12, filtering the zeroth diffraction order using a fitting window allows for a larger RoI
selection. Therefore, in Fig. 14(c), we show the retrieved OV with the zeroth order filtered from
the measurement and a RoI equal to the 2 × 2 μm2 grating size. In this case, the R2 value
improves to 0.99, which is an indication of a more precise overlay measurement.

In conclusion, we have shown that model-based digital pupil filtering allows for nuisance
signal reduction resulting in a larger RoI that helps to improve the precision of overlay metrology
on smaller targets.

4.2 Model-Based Suppression of the Impact of Surrounding Structures

4.2.1 Metrology limitation

In addition to filtering nuisance signals from the target itself as presented in Sec. 4.1, we can also
filter nuisance signals coming from structures that surround the target. Photons originating from
bright surrounding structures next to the overlay metrology target can leak into the RoI, influ-
encing the accuracy of the overlay measurement. Especially, when the RoI is equal to the grating
size. Moreover, in coherent imaging systems such as DHM, Gibbs ringing not only leads to
degradation of the image quality but also increases the optical crosstalk, i.e., light leakage from
surrounding structures into the metrology target. As explained in Sec. 2, an apodization window
can suppress coherent ringing effects. However, when the surrounding has a different grating
pitch than the overlay mark, it will be asymmetrically suppressed due to the position in the pupil
and the rotational symmetric origin of the apodization filter, resulting in undesired imaging arti-
facts. Here, we will present the first proof-of-concept experimental data that show that we can
also suppress the impact of surrounding structures using a model-based filtering approach.

4.2.2 Experimental result

We experimentally validate the model-based digital pupil filtering for suppression surrounding
structure and present the results in Fig. 15. The measured sample is a single-layer, custom-made
test sample that contains two 8 × 8 μm2 single-layer gratings as target, having a pitch of 600 nm,
and a 16 × 16 μm2 bright surrounding target, with a pitch of 500 nm, next to it. A hologram is
measured at 632-nm wavelength.

Figure 15(a) shows the Fourier transform of the extracted image plane [Fig. 15(e)]. Due to
the different pitches of the surrounding and OV structures, the diffraction orders end up at differ-
ent locations in the pupil plane. The left diffraction peak [Fig. 15(a)] mainly contains the signal
from the surrounding structure. Using the prior knowledge of the surrounding structure being a

Fig. 14 Retrieved OV values measured on 4 × 4 μm2 overlay targets with a pitch of 500 nm and a
measurement wavelength of 532 nm. (a) Without zeroth diffraction order filtering and a RoI smaller
than the grating size (1 × 1 μm2). (b) With zeroth diffraction order filtering and a RoI smaller than
the grating size (1 × 1 μm2). (c) With zeroth diffraction order filtering and a RoI equal to the grating
size (2 × 2 μm2).
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square, one can fit a 2D-sinc function to the diffraction peak in the Fourier plane. Subtraction
of the fit from the pupil plane results in a filtered pupil plane, as shown in Fig. 15(c) and its
corresponding filtered image plane in Fig. 15(g). Applying a soft Hamming window to the
filtered pupil, as shown in Fig. 15(d), results in a filtered image without coherent ringing
[Fig. 15(h)].

This example shows that the unknown diffraction efficiency of the surrounding target can be
compensated by fitting the amplitude in the pupil plane making use of the prior knowledge of the
structure geometry. Therefore, the signal of the OV target can be completely separated from the
surrounding signals. A conventional apodization window only as presented in Fig. 15(b) and the
corresponding image plane in Fig. 15(f) reduces the sidelobes and therefore the light leakage into
the OV target. However, apodization loses resolution, and therefore, the edges of the surrounding
structure broaden as well and leak into the target structure. With the computational surrounding
fitting method, the field from the surrounding structure is completely filtered without the loss of
resolution. Therefore, the optical crosstalk between neighboring structures is suppressed, which
helps to improve metrology precision.

5 Conclusion
In conclusion, we demonstrated that in our DHM concept, where we retrieve the full complex
field, we are able to separate signals of interest through model-based digital filtering in the pupil
plane. We presented two experimental examples of different types of pupil filtering in DHM
allowing for larger RoI selection to improve the DBO metrology precision and accuracy.

First, we demonstrated the zeroth order (i.e., specular reflection) suppression resulting in a
reduction of the bright edges of an overlay target and the interference pattern inside the OV
target. This allows one to use a larger RoI inside the target and makes the RoI position less
critical. Second, we presented a pupil filtering technique to separate the signal of interest from
additional signals coming from surrounding structures. Therefore, the optical crosstalk leaking
into the OV target can be strongly suppressed.

To reach the sub-nm precision of OV metrology, we push the capabilities of computational
imaging methods and DHM well beyond their existing boundaries. This study experimentally
demonstrates that model-based signal separation in the pupil plane can significantly enhance the
overlay metrology capabilities in cases where prior knowledge of the sample is present.

Fig. 15 Surrounding suppression using fitting and subtraction in the pupil plane. (a) A retrieved
pupil plane with a bright diffraction peak from the surrounding structure (left) and a second diffrac-
tion peak from the target (right) and its corresponding retrieved image plane (e). (b) Apodized pupil
plane and its corresponding apodized image plane (f). (c) Filtered pupil plane and its correspond-
ing filtered image plane (g). (d) Filtered pupil plane combined with a soft apodization window and its
corresponding filtered image plane (h). The pitch of the surrounding target is 500 nm, and the pitch
of the target is 600 nm and measured using a 632-nm wavelength.
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