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CHAPTER 1

INTRODUCTION




1 Introduction

'If you cannot measure it, you cannot improve it., was stated by Lord Kelvin, a 19th-
century physicist and engineer [1]. With this statement he highlighted the fundamental
role of measurement in scientific research and technological development. He recog-
nized that development depended on the ability to accurately measure and control vari-
ables, and quantify them, whether in experiments or industrial processes. This under-
standing remains crucial today in any field of research or engineering.

This also holds for the semiconductor industry, where integrated circuits are manu-
factured on a wafer [2]. Here, optical wafer metrology is a key to the manufacturing
process. Integrated circuit, i.e. chips which power nearly all modern electronic devices,
are made through a highly complex and precise manufacturing process that involves
multiple steps, as shown in Fig. 1.1 [3]. This process sequence is repeated resulting
in chips with dozens of layers. In order for a chip to work properly after manufactur-
ing, each layer should be positioned with sub-nanometer accuracy relative to a previous
layer.

lon implantation

Stripping

Deposition
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Etching . j v \\3
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Figure 1.1: An schematic illustration of the semiconductor chip manufacturing loop.

This positioning is called overlay, which is the lateral misalignment of a newly
patterned layer with respect to a previous layer in a multilayer stacked wafer. Overlay
metrology is of importance for controlling the fabrication process and the early detection
of problematic wafers [4]. The question of what is the best way to measure overlay
precise, accurately and fast has kept the semiconductor industry engaged for decades.

In this thesis, we will explore the potential use of dark-field digital holographic mi-
croscopy (DHM) for advanced semiconductor overlay metrology. DHM distinguishes it-
self from other microscopy techniques by digitally recording the object as a hologram via
interference of the object wave with a tilted reference wave allowing for computational
corrections of the image [5-7]. The complex object image can be derived directly from
the hologram using fast Fourier transform (FFT) techniques. The retrieved complex field
gives access to amplitude and phase information which allows to correct for imperfec-
tions in the imaging system. We will examine its potential as a novel overlay metrology
tool. Additionally, we will investigate solutions for current overlay metrology challenges,
as well as those specific to DHM.

This chapter serves as a general introduction into overlay metrology and DHM. First,
the concept of overlay metrology is introduced and its current challenges will be dis-
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cussed. Thereafter, holography and the complex field retrieval will be explained. Next,
we address the question why DHM is interesting for overlay metrology. This chapter
concludes by presenting the scope of this thesis.

1.1 Overlay metrology

Overlay metrology uses optical measurement methods to quantify the overlay error. It
enables real-time monitoring and feedback to lithography tools, ensuring that each layer
is accurately aligned within sub-nanometer tolerances. Two commonly used methods
for measuring overlay are image-based overlay metrology and diffraction-based overlay
metrology, which will be explained in this section [8]. We conclude this section by dis-
cussing the current challenges in overlay metrology.

Imaged-based overlay

In imaged-based overlay (IBO) metrology high-resolution images of overlay targets are
taken using optical microscope techniques [9]. IBO targets typically consist of geometric
shapes, like lines and boxes, where different parts of the target lie in different layers of the
multilayered stack. Fig. 1.2 shows three classical overlay marks in IBO, where the blue
patterns indicate the marks in the bottom layer and the black patterns are positioned in
the top layer. By measuring the relative displacement of the top and bottom patterns
from the high-resolution image the overlay error can be determined.

a b I C m——
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Figure 1.2: Typical imaged-based overlay marks. (a) Schematic illustration of a Box-in-
Box (BiB) mark, (b) Bar-in-Bar (BiB) mark, and (c) Advanced Imaging Metrology mark
(AIM).

Box-in-box (BiB) marks, Fig. 1.2 (a), were the first overlay targets used in IBO. In BiB
marks the outer-box is patterned in the resist layer and the inner-box in patterned in the
layer below. A microscope creates an image of the BiB target and overlay is determined
from this image by measuring the position of the inner box with respect to the outer
box edges. The traditional BiB marks were eventually replaced by grating marks, known
as Advanced Imaging Metrology (AIM) marks [10], Fig. 1.2 (c). The grating patterns in
AIM marks provide more reference points than simple BiB marks, enabling the system to
detect smaller overlay errors. Despite the improved accuracy offered by AIM marks, IBO
is still constrained by the optical resolution of the imaging system. As a result, it faces sig-
nificant challenges to meet the sub-nanometer precision required by the semiconductor
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industry. Therefore, industry came up with scatterometry based analysis, the so-called
diffraction-based overlay metrology.

Diffraction-based overlay

In diffraction-based overlay (DBO) metrology, overlay targets (e.g. uDBO targets) consist
of two overlapping gratings, as illustrated in Fig. 1.3 (a) [11-13]. Rather than deriving
overlay from the relative placement of two patterns, DBO retrieves the overlay by mea-
suring the intensity of the diffraction orders coming from the overlapping diffraction
gratings. Illuminating these overlapping grating results in a +1%t and —1% diffraction
order, as shown in Fig. 1.3 (b). In 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.

a g Ly b Lin

Overlay =0 Overiay #0

Figure 1.3: Concept of diffraction-based overlay metrology. Overlapping grating pairs,
where one grating is positioned in the top layer and one grating in the bottom layer. In
case of zero overlay, the +15t and —1%! intensities are equal (a). A relative lateral shift of
the two gratings result in an intensity difference between the +15 and —1%t diffraction
order (b).

A simplified plane wave propagation model is used here to explain the signal formation
in DBO. Despite the simplification that is used, this model describes all the relevant
features of DBO that are encountered in this thesis. Fig. 1.4 (a) shows a schematic illus-
tration of this DBO signal formation, where plane waves diffract from two overlapping
grating with the same pitch. The intensities 1 and I_; are then given by,

I, =|Ae'® + Be'P|? = A + B +2ABcos (f— ) (1.1)
I, =|Ae”'%+ BeiP|> = A + B + 2ABcos (B + ) (1.2)

where A and B are the amplitude of the diffracted waves from the top and bottom grating
respectively. Here a represents the phase term introduced by the spatial translation of
the top layer grating, which is proportional to overlay by the following relation:

ov
a=2m1—, (1.3)
P
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where P is the grating pitch. f§ is the phase term of the bottom layer and depends on the
optical thickness T, i.e. height difference between top and bottom layer, given by,

T
B=A4n T
where A represents the wavelength. Since overlay values are typically small (i.e. nanome-
ter) compared to the grating pitch P (i.e. a few hundred nanometer). Therefore, a is close
to zero and the small angle approximation can be used; sin (@) = @ and cos (a) = 1.

(1.4)
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Figure 1.4: Signal formation in DBO. (a) Two overlapping grating pair with separation
T. The illumination beam diffracts from the top and bottom grating, resulting in a two
intensities I11 and I_1, which are sensitive to a relative shift between the top and bottom
grating as indicated with phase term a. (b) Illustrative of intensity as function of phase
term a. For small values of a the intensity functions behave linear. (c) The wavelength
dependence of the sensitivity parameter K for two different grating separations T

Using this approximation the retrieved intensities I;; and I_; can be written as,
2 P AB
I,1=A“+B +2ABc0s(ﬁ)+47r? sin (B) OV, (1.5)

AB
I :A2+B2+2ABcos(,B)—47t? sin (B)OV, (1.6)

The overlay is then proportional to the relative intensity difference between the +1% and
-1t diffraction order given by,

Al SAB i (47[T)OV 1.7)
=8—sin(4m—)OV. .
P A

For small overlay values with respect to the grating pitch, i.e. small values of «, the overlay
is linearly proportional to the intensity difference AI, as shown in Fig. 1.4 (b). In this
region, the intensity difference can be expressed as,

AI=K x OV, (1.8)
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where K is the unknown stack-dependent sensitivity parameter and OV overlay. This
sensitivity parameter depends on the geometry of the grating, the material properties of
the thin film stack and the measurement wavelength. The wavelength dependence of
parameter K is shown in Fig. 1.4 (c). In order to measure overlay precisely the sensi-
tivity K should be maximized and zero-crossing should be avoided. In Eq. 1.8, K is an
unknown parameter making it impossible to calculate the overlay directly. Therefore, K
will be eliminated from the equation by adding a known bias d to the overlay targets, as
shown in Fig. 1.5 (a).

Grating Pair 1 b 10 Hm

-1
o pai +d
Grating Pair 2 10 um

I+1

—>ie— OV -d

Figure 1.5: Concept of a pDBO target. (a) Two overlapping grating pair with a known
bias +d and —d resulting in an intensity difference + A and —A. (b) Illustrative concept
of intensities on an overlay target.

One grating pair has a known bias shift of +d and the second grating pair has a known
bias shift of —d. Typically, this bias shift is 20 nm. This results in four measured in-
tensities, I;ld , If:ld , I:fi, Iffi, where +1 and -1 refer to the diffraction orders and +d and
—d to the biased pad which is measured, (Fig. 1.5 (b)). The four intensities lead to two

measured intensity differences, given by,

ALy =Kx (OV+d) = I8 - 174, (1.9)

Al =Kx(OV-d)=I;¢-17¢ (1.10)

Combining Eq. (1.9) and Eq. (1.10) gives an expression for the overlay without the un-
kown sensitivity parameter K:

(1.11)

AL + AL
OV:d(+—).

AL - AL

In comparison, IBO relies on directly imaging the overlay targets on the wafer. This
method is fundamentally limited by the resolution of the imaging system. Moreover, IBO
is highly sensitive to aberrations reducing the image quality. In contrast, DBO measures
the overlay based on intensity. This approach bypasses the limitations imposed by opti-
cal resolution, allowing for more precise overlay measurements.

The intensities of the 1t diffraction orders coming from a DBO target can be mea-
sured in various ways. For example, ASML has developed a special dark-field microscope
("YieldStar") that images a uDBO target on a detector using only the 1%t diffraction order.
A simplified sketch of the YieldStar concept is shown in Fig. 1.6. Here, an aperture in
the illumination pupil is used to illuminate the target in dark-field mode. From the two
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yellow quadrants in the illumination pupil the target diffracts a +1%, —15¢ and 0™ order.
A wedge in the detection pupil induces a spatial shift in the image plane and separate
the images of the +1%, —1¢ and 0™ order on the detector [14]. The images of interest,
+1% and —1% diffraction orders, are then imaged in the top right and bottom left of the
detector, as shown in Fig. 1.6 (b).

a Detector b

Detector

Illumination pupil

Figure 1.6: (a) A simplified sketch of Yieldstars dark-field imaging concept, resulting in
an image of the pDBO target on the detector (b). [14]

Keeping up with the shrinking device dimensions, requires optical metrology to be
more precise which can no longer be realized by conventional metrology at reasonable
costs. In the next section, we will discuss the new challenges of overlay metrology. There-
after, a novel overlay metrology tool will be introduced to address these new challenges.

Challenges in overlay metrology

Optical overlay metrology faces several critical challenges as the semiconductor indus-
try pushes towards smaller device dimensions, advanced patterning techniques and in-
creased complexity in device architectures. In this section, some of the key challenges in
overlay metrology are listed:

¢ Decreasing overlay tolerances: As semiconductor nodes shrink, the critical di-
mensions of the device features become smaller, reducing the tolerable overlay
error. Currently, requirements approach sub-nanometer accuracy levels which
requires intensity level measurements in DBO with a relative precision of the order
0f 0.01% [15].

* Smaller overlay targets: It is essential to reduce the size of the target as well to
minimize the metrology footprint on a wafer [16, 17]. Additionally, smaller over-
lay targets give more flexibility in terms of placement. However, smaller overlay
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structures require high image quality and resolution, resulting in expensive optics.
Additionally, grating sizes in the overlay targets tend to become smaller than 3
x 3 um? having only a few grating lines, resulting in target specific effect. Lastly,
smaller targets are more sensitive to optical crosstalk from surrounding structures.

* Low diffraction efficiency: The weaker the diffracted signal from the top and bot-
tom grating, the more difficult to measure an overlay error accurately. One of the
consequences of semiconductor newest scanner, (i.e the high-NA EUV scanner), is
the thin resist layer, having a layer thickness of 15 nm or less. For an overlay target
this means that the scattering from the top layer is extremely weak, resulting in a
low signal-to-noise ratio.

e Material variations: Advanced semiconductor manufacturing involves a wide va-
riety of materials with different optical properties, such as dielectrics and metal
layers. In this multi-layer stack the variation in refractive index and layer thickness
can distort the optical signal used in overlay metrology. Moreover, some layers in
the stack could be opaque for visible light. Therefore, an optical metrology tool
should be capable of covering a wavelength range from 400 nm to 1000 nm, and
ideally extend into the near-infrared range to effectively image through silicon.

* Process-induced errors: During manufacturing steps like etching, process-
induced errors can occur in the overlay targets. Such errors can be grating
deformation, grating asymmetry and thickness variations. Process-induced error
can be difficult to predict and measure accurately, resulting in incorrect overlay
values [18].

¢ Throughput: Semiconductor manufacturing is always pushing for high through-
put, and metrology tools must keep up with production rates. Current acquisition
times are in the order of a few milliseconds. Finding the right balance between
through sampling for accuracy and maintaining high throughput is a major chal-
lenge, especially as device features become smaller and the cost of metrology must
also stay at acceptable levels.

In this thesis, we will explore the potential use of dark-field DHM to address these
challenges in overlay metrology. First, the concept of holography will be explained. Next,
dark-field DHM as an overlay metrology will be discussed.

1.2 Holography

Holography is a technique that records and reconstructs the full complex-valued field us-
ing a reference wavefront. Unlike conventional imaging methods, holography retrieves
both the intensity and phase information of the object under study.
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History

Holography has evolved significantly since its inception. The concept was introduced
in 1947 by the Hungarian electrical engineer and physicist Dennis Gabor, who used the
idea of wavefront reconstruction to improve the resolution in electron microscopy [19].
Gabor was awarded the Nobel Prize in Physics in 1971, recognizing the profound impact
of his ideas on imaging and optics. Although his initial work was largely theoretical
and faced limitations due to the lack of coherent light sources, it laid the groundwork
for future developments. His concept remained largely unexploited until the advent of
laser technology in the 1960s, which enabled practical holography. The in-line configu-
ration of Gabor’s holographic setup was mainly limited by the noise resulting from a twin
image. In 1962, Leith and Upatnieks successfully overcame this twin image problem,
by introducing off-axis holography [20, 21]. Here, the off-axis configuration resulted in
a complete separation of the twin image and the object image in the reconstruction,
demonstrating the practical application of Gabor’s concepts. Thereafter, Goodman and
Lawrence [22], and Yaroslavskii and Merzlyakov [23] were among the first to propose the
idea of recording and reconstructing holograms digitally. With the rapid development of
high-resolution camera technology and computers, digital holography has emerged as a
powerful tool, enabling phase and amplitude imaging in a broad range of applications
such as biological imaging, telecommunication and 3D shape measurements [24].

Digital holographic microscopy

DHM acquires the coherent superposition of a reference beam and an object beam on
an image sensor. From the recorded interference pattern (i.e. digital hologram) the
complex-valued object field can be computationally retrieved with techniques like Fast
Fourier transforms, which gives access to amplitude and phase of the object [5-7]. The
reference and object fields at position r in the recording plane are given by,

Eo(7) = |EolePo™), 1.12)
E;(7) = |E;|e'¥r™), (1.13)

where |E,| and |E,| are the amplitudes and ¢, and ¢, represent the phase of the object
and reference field respectively. The coherent reference and object field interfere and the
recorded intensity pattern of the digital hologram is then given by,

I(F) = |Eo(P)* +|E, (P)* + E, (P E; (F) + E; (HE,(7), (1.14)

where E,(7) and E; (¥) are the complex valued amplitude distributions of the object and
reference beam on the image sensor position 7, respectively and * indicates the complex
conjugate. The first two terms from Eq. 1.14, |E,(P)|2 + |E;(7)|2, are called the auto-
correlation signal (i.e DC signal) and only contain intensity information. Using hologra-
phy we are interested in the cross-correlation (i.e. AC signal) terms, the third and fourth
term from Eq. 1.14. These terms contain both the amplitude and phase information of
the fields. These cross-correlation terms can also be expressed as,
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Ey (P E; (1) + B} (P Eo(7) = | Eol|Eyl(e™"#0 M e 197 4 ¢ 0D =100 D)

_ _ (1.15)
=2|Eol|Er|cos ¢y (F) — o (F)].

Eq. 1.15 shows that the cross-correlation terms depend on the relative phase difference
of the reference and object field. This term is different for inline and off-axis holography.
The most simple configuration is inline holography which is schematically illustrated in
Fig. 1.7 (a).

a Inline holography b Off-axis holography
plane plane

detector
wave wave .
object object

detector

7’

d
4
4
- reference wave

’

7’
s
4

Figure 1.7: Illustration of inline (a) and off-axis (b) holography.

In case of inline holography, the object is illuminated with a plane wave. The object
weakly scatters resulting in an object field and the remaining wave represents the refer-
ence field. Hence, the hologram recorded on the detector is an interference pattern of
an object and reference both propagating along the same optical axis. Therefore, in the
frequency domain it is challenging to extract the object field from the hologram as all
four terms from Eq. 1.14 are overlapping in the center. Separation can be done by phase
shifting, as was noted by Gabor, but the detectors and modulators were not available in
the 1950s [19]. An elegant way to separate the cross-correlation terms from the auto-
correlation signal is off-axis holography, as illustrated in Fig. 1.7 (b). Off-axis holography
can be interpreted as spatial phase shifting. Here, the reference beam makes an angle
with respect to the object beam, resulting in a linear phase gradient separating the cross-
correlation terms from the auto-correlation signal in the frequency domain.

Complex field retrieval in off-axis holography

Fig. 1.8 (a) shows an example of an off-axis digital hologram. It can be clearly seen that
the tilted reference beam results in a very dense fringe pattern [25]. By performing a FFT
on this hologram, the spatial frequency spectrum is retrieved, as shown in Fig. 1.8 (b).
The last two terms from Eq. 1.14, contain the phase information. In off-axis holography
the terms can be fully separated from the auto-correlation signal, due to the tilt of the

10
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reference beam.! Selecting one of the cross-correlation terms from Eq. 1.14, shifting it to
zero and performing an inverse FFT results in the retrieved complex-valued object field
[26]. The complex-valued field contains both phase, Fig. 1.8 (c), and amplitude Fig. 1.8
(d) information from the object.

il

Figure 1.8: Signal retrieval in DHM. (a) Measured digital hologram with a zoomed image
in the dashed box. (b) Obtained spatial frequency spectrum of the digital hologram,
where the white box indicated the selected area in Fourier space. The inverse Fourier
transform of selected area results in a retrieved complex object field, containing the
phase information (c) and the amplitude information (d).
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1.3 DHM for overlay metrology

DHM is a well-established technique for quantitative phase imaging that has been
utilized for decades across various fields. However, its application in semiconductor
metrology remains relatively unexplored [27]. The unique characteristics of a holo-
graphic imaging system in combination with increasingly demanding requirements
encountered in semiconductor overlay metrology, call for further development of digital
holography. Existing DHM applications typically use phase information, with less
emphasis on amplitude details. However, in DHM for overlay metrology, achieving
intensity measurements with a precision of 107 is crucial. Achieving such precision
levels in DHM serves as the primary motivation for the work presented in this thesis.
Each chapter in my thesis is dedicated, in some way, to achieving this 107 relative
intensity precision level. Here, the concept of DHM for overlay metrology is presented.

In this thesis, we present dark-field off-axis DHM as a novel an promising approach
to address the overlay metrology challenges outlined in section 1.1. The fundamental
advantage of DHM is its ability to measure the complex field, retrieving an amplitude

1 Assuming a bandwidth limited system with a NA stop

11
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and phase, unlike conventional overlay metrology, which is limited to amplitude-only
measurements. The goal is to simplify the optical hardware and address system imper-
fections through computational methods. The full complex field retrieval in DHM allows
for such advanced signal processing. With the aid of such complex field measurement in
combination with computational imaging techniques, it is possible to digitally correct
in-line for lens aberrations. Additionally, DHM benefits from coherent amplification
provided by the reference beam, enabling the detection of structures with low diffraction
efficiency. Furthermore, the simple uncoated optics in DHM allows for imaging over a
wavelength range from 400 nm to 1600 nm. Unlike conventional systems, DHM pro-
vides full NA imaging while enabling parallel acquisition of the +1°' and —1%t diffraction
orders, which enhances throughput and robustness in overlay measurement. First, the
measurement concept of DHM for overlay metrology will be explained. Thereafter, the
fundamental advantages of DHM will be discussed in detail.

Image Digital hol | Sideband selection | o1
Camera igital hologram | Sideband selection |
a plane b NN (1I N (4]
Reference Reference

beam beam

-1%order +1# order

diffraction, diffraction

Exit pupil -1 order diffraction -1# order diffraction
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Figure 1.9: Schematic illustration of off-axis holographic recording and processing
concept. a Schematics of the dark-field off-axis digital holography microscopy concept.
b Recorded digital hologram with two overlapping interference patterns of the +15t
and —15t diffraction orders. ¢ The spatial frequency spectrum of the digital hologram
retrieved by performing an 2D-FFT. 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, resulting in the retrieval of the object amplitude and phase information.

In the application of DBO metrology, both the +1%¢ and —1%¢ diffraction orders should
be measured. The 0™ diffraction order usually has no useful overlay information so,
in order to use the full NA for imaging, a dark-field DHM configuration is chosen.
Generally, metrology precision improves with smaller grating pitches so we illuminate
the DBO targets with an oblique illumination beam which ensures that we can still
collect a 1% diffraction order even at longer wavelengths, as shown in Fig.1.9 (a). The
+1%t and -1% diffraction order interfere with their corresponding off-axis reference
fields at camera level. The resulting digital hologram intensity pattern consists of two
overlapping interference patterns, as shown in Fig. 1.9 (b). Using a 2D FFT, the measured
field is computationally back-propagated from the image plane to the pupil plane
and an spatial frequency spectrum with a baseband and four sidebands is obtained,
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1.3 DHM for overlay metrology

as schematically illustrated in Fig. 1.9 (c). The baseband is always positioned at the
center of the Fourier transform of the hologram and does not contain any information
about the phase of the object or angle of the reference wave. The sidebands encode all
sample information, both in amplitude and phase. Due to the off-axis configuration
of the reference beam, the +1° and —1% diffraction order sidebands and their complex
conjugates are fully-separated from the baseband [26, 28]. One of the sidebands is
spatially filtered using a circular numerical filter which matches with the exit pupil of
the objective lens and translated to the center of the pupil plane, Fig. 1.9 (d). Finally, an
inverse FFT is performed on the translated sideband, which retrieves the object fields
of either the +1% and —1% diffraction orders depending on the selected sideband. The
absolute value of the complex object field provides the amplitude information, and
the argument of the reconstructed field provides the phase information, Fig. 1.9 (e).
The retrieved amplitudes of the +1% and —1% diffraction order images, schematically
illustrated in the retrieved amplitude of Fig. 1.9 (e), will be used for DBO metrology on
dedicated metrology targets. The obtained phase information will be utilized to enhance
image quality in several ways.

Measuring the full complex-valued field of the +1% and —1% diffraction using DHM has
afew advantages over amplitude-only based DBO. The advantages and reasoning behind
DHM as an overlay metrology tool are listed below:

* Aberration correction: DHM is able to correct for lens aberration since the com-
plex field of the aberrated image is retrieved. This measured complex field can be
computationally back-propagated to the exit pupil using Fourier transform tech-
niques. In the exit pupil plane a wavefront correction can be applied. The wave-
front error (i.e. aberrations) can be estimated upfront using a calibration measure-
ment. This aberration correction results in high-image quality.

» Simple sensor: The computational aberration correction in DHM enables the use
of optics with lower complexity and thus lower cost. Therefore, using a DHM tool
for overlay metrology eliminates the need for high-quality, bulky, and expensive
optics.

¢ Broad wavelength range: Expanding the wavelength range in conventional optical
imaging systems is not straightforward due to the dependence on high-quality
lenses with anti-reflective (AR) coatings. These coatings are wavelength-specific,
limiting the usable wavelength range to a few hundred nanometers. However,
DHM uses only a few optical elements that don't need AR coatings, enabling imag-
ing across a broad wavelength range from 400 to 1600 nm, making through-silicon
measurements possible.

* Full-NA imaging: The +1°%* and —1% diffraction orders from the overlay target are
incoherent with each other. As a result, both diffraction orders can utilize the full
circular imaging NA of the lens, resulting in high-resolution images. Additionally,
the incoherence of the +1%t and —1°t diffraction order with each other allows for
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parallel acquisition of the +1% and —1%! diffraction order. This leads to an increase
in throughput. However, a disadvantage of parallel acquisition is the shot noise of
the other reference beam.

¢ Computational image enhancement: DHM’s ability to computationally propa-
gate between the image plane and pupil plane, due to its complex field retrieval,
allows for advanced computational image enhancement techniques. By leveraging
prior knowledge of the overlay target, model-based techniques can be applied to
filter and enhance the signal of interest, thereby improving image quality.

¢ Optical amplification: In DHM a coherent reference beam interferes with the ob-
ject beam. Next to providing phase information of the measured light, the refer-
ence beam also coherently amplifies the signal without adding additional noise
on top of the fundamental shot noise. Optical amplification therefore offers shot-
noise limited detection of very weakly scattering metrology targets even when us-
ing relatively noisy image sensors.

To summarize, the unique capabilities of DHM, such as aberration correction, com-
putational image enhancement, and optical amplification, make it a potential tool for
overlay metrology. Its ability to utilize simple optics, cover a broad wavelength range,
and perform high-resolution imaging could lead to an improvement of overlay precision
and accuracy. These advantages position DHM as a versatile and effective solution for
the striking requirements in advanced metrology applications.

1.4 Scope of this thesis

The scope of this thesis is centered on pushing the boundaries of DHM to achieve inten-
sity measurements with 10~* precision level, which is not straightforward. As an often-
used guideline, the precision of an overlay metrology tool must be about 10% of the over-
lay requirement [29-31]. Today, overlay requirements of some high-end semiconductor
devices approach the 1 nm levels, resulting in a metrology precision that is of the order of
0.1 nm. While traditional DHM applications primarily focus on phase information, this
work addresses the unique demands of overlay metrology, where such high-precision
intensity measurements are essential. This defines the core objective of this research
and shapes the focus of every chapter in this thesis.

This thesis aims to investigate the potential solutions to some of the big challenges of
DHM as a novel overlay metrology tool. In this study, six key challenges are addressed.
The questions explore the major difficulties of DHM, its practical implementation, and
its potential to meet the demanding requirements of advanced metrology. Before ad-
dressing these challenges, the DHM experimental setup will be presented in Chapter 2.
The used equipment will be discussed and the design choices will be explained.

In Chapter 3, a fast and accurate correction of non-isoplanatic aberrations over a wave-
length range from visible to near-infrared is studied. This is done computationally in
an efficient manner through co-design of a dedicated imaging lens and a three step
algorithmic approach.
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1.4 Scope of this thesis

Next, in Chapter 4, the problem of an inhomogeneous illumination spot, caused by the
oblique incidence of the illumination beam, is addressed. With experimental work, an
calibration and correction method was studied to correct the inhomogeneous intensity
of the illumination beam as well as the spatial profile.

A third fundamental challenge in dark-field DHM for overlay metrology comes with
vibrationally challenging environments as found in high-productivity industry. Since
DHM is an interferometric technique, it is inherently sensitive to undesired phase varia-
tions between object and reference beam. These phase variations lower the fringe con-
trast if they are integrated over a finite exposure time which leads to a reduced amplitude
of the retrieved image. This results in significant overlay errors. In Chapter 5, a com-
putational vibration mitigation method is studied using phase interpolation between a
sequence of measured holograms.

While experimentally exploring these three challenges in dark-field DHM, some less
foreseen challenges came across, which will be examined in the second part of this the-
sis. One of these unexpected phenomena is the spurious apodization caused by the
finite bandwidth of the light source in combination with a wavelength-dependent focal
length of the high-NA imaging lens. This effect leads to a significant field-position depen-
dent apodization that affects the aberration-corrected point-spread function. This effect
is experimentally and theoretically explored in Chapter 6. To correct for this spurious
apodization, the spectrum of the source should be know accurately. Therefore, a sim-
ple FT-spectrometer with no moving parts was built and utilized to accurately measure
the spectrum of the source and to leverage this information for correcting the spurious
apodization, as discussed in Chapter 7.

In Chapter 8, experimental results on a model-based signal separation technique us-
ing digital pupil filtering for two different metrology challenges and demonstrate strong
suppression of nuisance signals without resolution loss. This technique enables a further
reduction in metrology target size while also offering opportunities to improve precision.
Lastly, in Chapter 9, future prospects of this thesis are presented.

Reports on a (novel) overlay metrology technique often include an error budget that
shows how stochastic and systematic error sources add-up to the required metrology
precision for a certain baseline design. Examples of stochastic noise sources are laser
noise, detector noise and shot-noise. Systematic error sources are, for example, imag-
ing aberrations and illumination errors that lead to a process-dependent offset which is
commonly known as Tool-Induced-Shift (TIS).

In this thesis we have made a conscious choice to not include an error budget. The
main reason is that an error budget is usually made with the intent to compare the ex-
pected DHM performance with existing established overlay metrology tools. This com-
parison, however, is difficult to report since the relevant performance data of established
metrology tools is not publicly available.

A secondary consideration is that stochastic noise source like shot noise in coherent
detection schemes like DHM has already been extensively studied [32-34]. It's impact on
measurement reproducibility is known and can be used in an error budget to come to a
balanced trade-off between throughput and source brightness. Such a trade-off usually
involves a cost-comparison between a brighter light source versus throughput gain. Such
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a cost comparison, however, was not considered as part of this research.

Despite the absence of an error budget, we believe that the explored new concepts
and the results reported in this thesis provide valuable learnings that contribute to a
performance improvement of DHM for overlay metrology.
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CHAPTER 2

EXPERIMENTAL SETUP

This chapter will introduce the used dark-field DHM setup. We describe
its main components and explain the design choices underlying the concept.
Subsequently, we present the modifications made to extend the operational range

from the visible to the near-infrared wavelength regime.
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2 Experimental Setup

2.1 Dark-field off-axis DHM setup

The experimental data presented in this thesis is measured with our dark-field off-axis
digital holographic microscope (DHM) breadboard setup. In this chapter we will de-
scribe the breadboard setup, the used components and the system criteria are discussed.
A schematic representation of the DHM setup is shown in Fig. 2.1.
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Figure 2.1: A schematic representation of the experimental setup. (a) An AOTF selects
the desired wavelength coming from the spatially coherent supercontinuum white light
source. The beam is cleaned from most of its speckle 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 illumination 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 polarization maintaining single mode fibers to the sensor head (b).
At the sensor head, the light from each illumination fiber is collimated by an objective
and illuminates the sample at an angle of 70°. The imaging lens captures both the +15t
and —18 diffraction orders. The diverging reference beams are reflected via a mirror on
the camera.

The DHM consists of a fiber coupled Supercontinuum White light source (Leukos Rock
400) combined with an Acousto-Optical Tunable Filter (AOTF). This AOTF device pro-
vides beams with a bandwidth in the range of 3 nm to 8 nm and covers the visible range of
400 nm to 700 nm. The beam intensity from the coherent white light source is split with a
90:10 beamsplitter to create an illumination and reference beam respectively. Thereafter,
a 50:50 beamsplitter is used in both paths for parallel acquisition of the +1°%¢ and —1%
diffraction orders. The light is then coupled in polarization-maintaining photonic crystal
fibers (PM-PCFs), Aeroguide-15-PM from NKT, where each reference fiber is placed on
a translation stage to act as a tunable delay line. The PM-PFCs transmit the light from
the beamsplitting part, Fig. 2.1 (a), to sensor head, Fig. 2.1 (b). The sensor head has
two off-axis illumination arms which illuminate the target from opposite directions at an
incident angle of approximately 70° with respect to the normal plane of the sample. Light
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2.1 Dark-field off-axis DHM setup

diffracted from the sample is then captured by the lens and imaged on the camera. The
imaging lens is a custom-made objective manufactured by Anteryon [35]. 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 and has a focal length of 7.3 mm at the
design wavelength. The magnification is this imaging system is 100x. At camera level
the +1%t and —1%t diffracted orders coming from the object then coherently interfere
with their corresponding reference beams resulting in two overlapping off-axis digital
holograms. The two holograms are mutually incoherent due to a built-in optical path
length imbalance which is larger than the coherence length. The camera is a Basler
acA4112-gm that has a 12 Mpixel Sony IMX304 CMOS images sensor. This image sensor
has a pixel pitch of 3.45 um and the images are acquired with a 12-bit resolution.

Light source

The fiber coupled supercontinuum light source produces white light which is color fil-
tered using an AOTE The AOTF controls the light using acoustical waves in a crystal. The
spatially coherent white light from the supercontinuum source is sent through the crystal
and by tuning the frequency of the acoustic wave through the crystal, the desired wave-
length of the optical wave is acousto-optically diffracted. The AOTF covers the visible
regime from 400 - 700 nm.

Fibers

In a metrology tool the sensor head is preferably kept simple and light-weighted. As a
result, the beamsplitting components are positioned in a separate part of the tool. In
order for the light to travel from the beamsplitting part to the sensor head, fibers are used.
The linear horizontal polarized light is coupled in polarization-maintaining single-mode
photonic crystal fibers with a core diameter of 15 um from NKT photonics.

Image sensor

The image sensor is an important component in our DHM setup. Firstly, the large full-
well capacity of the image sensor is a valuable property of a camera for DHM. The full-
well capacity is defined as the amount of charge that can be stored within an individual
pixel without the pixel becoming saturated. In DHM, two object beams and two refer-
ence beams simultaneously illuminate the camera sensor, which can quickly saturate
the pixels and limit the signal-to-noise ratio. As a result, DHM benefits from a camera
with a large full-well. In our setup the full-well capacity is 10.2 ke™. Secondly, the pixel
size of the sensor plays a critical role in determining the quality, resolution, and overall
performance of the imaging process. The pixel size of the camera sensor determines how
finely this interference pattern of the retrieved hologram is sampled. Therefore, a small
pixel size is preferred. In our setup the pixel size is 3.45 um. This pixel size is closely
related the maximum fringe density, which will be discussed below.
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2 Experimental Setup

Off-axis reference angle

The fringe density depends on the off-axis angle of the reference beam with respect to the
object beam, which also determines the separation of the auto-correlation and cross-
correlation terms in the Fourier plane. The reference wave, tilted under an angle Oy,
introduces a spatial frequency shift, as shown in Fig. 2.2.

ky
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i 1

Figure 2.2: A schematic illustration of the baseband and two sideband in Fourier domain,
where the position of the sideband is determined by the vector ke¢.

This spatial frequency shift can be expressed in the Fourier domain as,

2718in O ef
N .

The Eef must satisfy two conditions in our DHM setup. Firstly, the cross-correlation
signal should be completely separated from the auto-correlation term. The radius of the
baseband in the Fourier domain is equal to 2NA and the sideband radius is NA. Therefore,
the modulus of the reference k-vector should meet the following expression,

| Kref] = @2.1)

2t 3NA

M
where NA is the numerical aperture of the objective and M the magnification of the setup.
The condition described in Eq. 2.2 determines the minimal fringe density. The maximum
fringe is determined by the Nyquist limit and related to the pixel size of the camera
sensor. This Nyquist sampling theorem states that at least two pixels on the image sensor
are required per period of the interference fringe,

Smax < %ZfN» (2.3)

where fihax is the maximum frequency of the interference pattern, f; the sampling fre-
quency of the camera sensor and f the Nyquist frequency. Expressing the Nyquist limit
as function of ki the following relation should hold,

| Kref] > 2.2)
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2.2 Extension into the near-infrared

el 4 2t NA < 27

ref 1 M pr ’
where p, indicates the pixel size. Combining Eq. 2.2 and Eq. 2.4 results in the following
condition for the reference angle 0,

(2.4)

NA . 3
L S SN0 > ——— (2.5)

for our setup with a NA of 0.8, pixel size py of 3.45 pm, a magnification M of 100x, and
for example a wavelength A of 650 nm, the reference should be between 1.38° and 4.93°.

2.2 Extension into the near-infrared

A wide wavelength range is desirable due to the large variety of materials that are en-
countered in modern chip manufacturing. Some materials are transparent at short wave-
lengths (400 nm) but other materials like amorphous Carbon [36] only become transpar-
ent at longer wavelengths (> 1000 nm). To effectively manage these materials, an overlay
metrology tool should preferably cover a very wide wavelength range from visible (VIS)
to near-infrared (NIR) wavelengths. To explore the imaging performance of the DHM
setup in the near-infrared (NIR) wavelength range, an extension in the beam splitting
part has been built. A schematic representation of this setup is given in Fig. 2.3, similar
to the setup described in Ref. [26]. After the fiber-coupled supercontinuum white light
source (Leukos Rock 400) a dichroic mirror with a 950-nm cutoff wavelength is used to
split the wavelength range into two different parts. One covers the visible regime, and
the second covers the NIR wavelength range, as indicated in Fig. 2.3 (a) in green and
red, respectively. For the longer wavelengths in the NIR regime, a filter wheel containing
interference filters is used. The filters cover 1064 nm and a range of 1100 - 1600 nm in
steps of 100 nm with a bandwidth varying from 10 nm to 12 nm.

After tuning the wavelength, the beam intensity is split using 70:30 beamsplitter for
the NIR regime, to create an illumination and reference beam respectively. Two different
beams splitting paths are realized for the visible and NIR wavelength range because the
beamsplitters have wavelength dependent coatings. Thereafter, a non-polarizing 50:50
beamsplitter is used in both paths for parallel acquisition of the +15 and —1%¢ diffraction
orders. For the NIR regime the camera Aval ABA-013VIR-GE with Sony IMX990 sensor
is used. This image sensor has 1296x1032 pixels in, respectively, the horizontal and
vertical direction with a 5 pm pixel pitch.
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Figure 2.3: A schematic representation of the NIR extension. a The beamsplitter part
of the setup consists of two parallel beam paths. The supercontinuum source is split
via a dichroic mirror with a cut-off wavelength of 950 nm in two beams. One for the
visible regime (400-700 nm), where the wavelength is tuned using an AOTF and the
other beam for the near-infrared (NIR) (1064-1600 nm) tuning the wavelength with an
interference filter. Each beam is split into a reference and illumination beam using a
90:10 and 70:30 beamsplitter for the visible and NIR regime respectively. Afterward,
50:50 beamsplitters split the beam into two illumination and two reference beams. The
beams are guided via polarization maintaining single mode fibers to the sensor head. b
The illumination beams coming from the fibers are collimated by an objective and are
diffracted on the sample under an angle of 70°. The imaging lens captures both the +15t
and -1t diffraction orders. Each diverging reference beams is redirected via a mirror to
the image sensor.
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CHAPTER 3

COMPUTATIONAL
NON-ISOPLANATIC LENS
ABERRATION CORRECTION

The dark-field digital holographic microscope uses a simple two-element
imaging lens with a high numerical aperture and is capable of imaging from the
visible to near-infrared regions. This combination of high resolution and large
wavelength coverage was achieved by combining a simple imaging lens with a
fast and accurate computational correction of non-isoplanatic aberrations. We
present experimental results for overlay metrology targets that demonstrate the
capability of our computational aberration correction in the visible and near-
infrared wavelength regimes, which helps to advance semiconductor metrology.

Published as: T. van Gardingen-Cromwijk, S. Konijnenberg, W. Coene, M. Adhikary, T. Tukker, S. Witte, J. E
de Boer and A. den Boef, Non-isoplanatic lens aberration correction in dark-field digital holographic microscopy
for semiconductor metrology, Light: Advanced Manufacturing 4, 36 (2023).
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3 Computational non-isoplanatic lens aberration correction

3.1 Introduction

Dark-field and multi-wavelength digital holographic microscopy (DHM) has already
been described [37-42] for various imaging applications like detecting sub-wavelength
particles with large contrast [37, 38], contrast enhancement in biological imaging [39],
speckle-reduction [41] and improved surface profiling [42].

Herein, we present an off-axis dark-field DHM as an overlay metrology tool that can
image over a wide wavelength range, from visible (VIS) to near infrared (NIR) wave-
lengths. The novel aberration correction capabilities of df-DHM reported in this study
offer high imaging quality over a large field of view using a relatively simple custom-
made high numerical aperture (NA) imaging lens. High-NA imaging, in combination
with simple optics, introduces field position-dependent or non-isoplanatic aberrations
in the imaging system. In this chapter, we describe a fast computational correction
method that allows us to correct non-isoplanatic aberrations computationally with DHM
and present the experimental results over a wide wavelength range from VIS to NIR.
Wafer metrology is a new field that combines digital post-processing algorithms for non-
isoplanatic aberration correction with custom-made optical design approaches. In as-
tronomy, this technique was adopted a few years ago [43, 44]. However, in the context of
astronomy the aberration corrections have been applied to incoherent systems whereas
we are working with a coherent imaging system. Moreover, in astronomy, the throughput
is irrelevant, whereas in the semiconductor industry, high throughput is a key indicator
of a good metrology tool. In the next section, we present the processing steps and algo-
rithms of the aberration correction method. In the Results section, we present additional
experimental results obtained using aberration correction theory. Finally, we conclude
by summarizing our findings.

3.2 Theory

The resolution of an imaging system improves when the NA of lenses increases. There-
fore, a high-NA lens is required to create sharp images of small overlay metrology targets.
Moreover, a high NA allows us to capture diffraction orders from metrology gratings over
a wide range of pitches and wavelengths, thereby enabling robust overlay metrology
[3, 45]. In this study, a 0.8-NA, two-element imaging lens was used. The drawback
of a high NA in combination with only two uncoated lens elements is field position-
dependent aberrations. Each object point within the field-of-view (FoV) experiences
different aberrations. Such field position-dependent aberrations are also called non-
isoplanatic aberrations, spatially varying blur, or 4D aberrations, wherein two dimen-
sions are in the image plane and two dimensions are in the pupil plane [46].

These non-isoplanatic aberrations can be corrected computationally because DHM
retrieves the phase and amplitude information of the object via the sidebands of
the Fourier transform of the hologram. These sidebands represent the interference
between the object wave and the reference wave. Using computational techniques, we
can easily correct field position-independent aberrations or isoplanatic aberrations,
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such as spherical aberrations, with a simple deconvolution, which is performed as
a multiplication in the Fourier space [47]. Such deconvolution is computationally
inexpensive. Non-isoplanatic aberrations can be corrected by applying deconvolution
per object point for a given area of the considered FoV, which is computationally
expensive. To make non-isoplanatic aberration correction efficient, we focused on
a certain class of field-dependent aberrations that can be easily corrected via pupil
distortion. This leads to a correction method based on the following three steps:

1. Isoplanatic aberration correction
2. Pupil distortion correction

3. Singular value decomposition (SVD) correction

The SVD-based method can correct all arbitrary field position-dependent aberrations.
However, its computational expense scales with the extent to which aberrations vary as
a function of the field position. Therefore, for speed and computational expense, it is
important to first correct the aberrations as much as possible using deconvolution and
pupil distortion. The aberration correction steps are described in detail in this section.
Before proceeding with the correction procedure, the lens design is discussed.

3.2.1 Lensdesign

Our imaging lens is the result of a co-optimization between an optical design and signal-
processing algorithms [43, 44]. The lens has been co-designed with as few lens elements
as possible and only allows aberrations that are easy to correct computationally using
the algorithms reported in this paper.

I
; 3 mm

Figure 3.1: Schematic illustration of the two-element high-NA lens.

The custom-made imaging lens was manufactured by Anteryon (www.anteryon.com).
It has an NA of 0.8 and consists of two uncoated lens elements, one of which is a plano-
asphere, as shown in Fig. 3.1.

The lens is manufactured using a replication process [48, 49] and is fixed in a holder
on which the reference beam mirrors are integrated such that the angle between the
reference and object beam is optimised. The combination of a high NA and only two
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Figure 3.2: Imaging system characterized by its point-spread function (PSF) for one
point in the field. Per point in the field the corresponding PSF is different due to
non-isoplanatism. (a) Schematic representation of a point scatterer illuminating the
imaging lens with spherical waves. (b) An aberration free imaging lens results in an ideal
spherical wavefront and a diffraction-limited PSF in the image plane. (c) Anon-ideal lens
deforms the wavefront resulting in an aberrated PSF presented for the case of spherical
aberrations.

lens elements yielded high field position-dependent aberrations, indicating that each
field position yielded a different point spread function (PSF) in the image plane.

The lens was designed such that the aberrations correctable via pupil distortion, such
as linear coma, have limited restrictions. All other field position-dependent aberrations,
such as astigmatism, were minimised. This lens design allows the correction of non-
isoplanatic aberration with low computational effort.

3.2.2 Aberration correction

In general, an imaging system is characterised by its PSFs, which are images of a single
point source in an object, as shown in Fig. 3.2 (a). An optical system with a perfect
imaging lens results in an ideal spherical wavefront and a diffraction-limited PSE i.e.
an Airy Disk, as shown in Fig. 3.2 (b). However, a non-ideal lens deforms the wave-
front, resulting in an aberrated PSE as shown Fig. 3.2 (c). Fig. 3.2 shows the aberrated
PSF for one point in the field. Per point in the field the corresponding PSF is different
due to non-isoplanatism. Generally, the aberration correction can be described as the
inverse of the linear transformation of an 2D object function to an 2D image function.
Mathematically speaking, such transformation can be defined in terms of an impuls
response for all points, resulting in a 4D function. This function can be interpreted as
a black box independent of the geometry of the lens. The 2D Fourier transform serves as
a mathematical tool to describe the 4D transformation.

The mathematical relation between the object field o(H) and the image field i(H) is
given by

i(H)=FT7! [A(ﬁ)[eiw(ﬁ’ﬁ)eiﬁ'ﬁo(ﬁ)dﬁ , 3.1)
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where FT denotes a 2D Fourier Transform, H denotes the coordinate vector in the object
plane, g is the vector in Fourier space of the exit pupil plane, A is the aperture function,
W is the non-isoplanatic aberration function and ~ denotes a function in pupil space.
The non-isoplanatic aberration function W from Eq. 3.1 can be described with three
terms,

W (B, H) = Wiso (B) + f(5) H-p + W (5, F). 3.2)
Each term of Eq. 3.2 is corrected in one of the three aberration correction steps. The
first term is corrected in the isoplanatic aberration correction step. The pupil distortion
correction step corrects the second term of Eq. 3.2. Finally, during the SVD correction,

the third aberration term, which comprises all the remaining aberrations given by §W,
will be corrected.

3.2.3 Isoplanatic aberration correction

In the case of isoplanatic aberrations, the PSF deformation is constant over the FoV, i.e.
field position-independent. Previously, we demonstrated the computational correction
of isoplanatic aberrations via a single deconvolution of one PSF in the context of over-
lay metrology, as this was allowed for the lower NA lens used at a substantially smaller
wavelength range [47]. In this method, a nano-sized point scatterer is imaged in the
centre of the FoV, resulting in the retrieval of the wavefront aberration of the imaging
lens. As the first correction step, deconvolution is applied to a measured image field by
multiplying the field with the conjugate wavefront aberration in the Fourier space for a
PSE preferably selected at a location in the FoV close to the nodal point. The nodal point
is the point of the optical system for which an incoming ray leaves the system with the
same direction. For a curved surface, such as the imaging lens, the nodal point is located
at the centre of the curvature of the surface.

For the correction of the isoplanatic aberration, the aberrated complex-valued image
field i (H) is retrieved from the camera in real space given by

i(H) = h(H) * o(H), 3.3)

where h(H) represents the selected 2D PSF close to the nodal point in field space. By
performing a 2D Fourier transform, we back-propagate the aberrated image field to the
exit pupil in pupil space given by

1(B) = h(p) - 6(p). (3.4)

In pupil space, a deconvolution multiplication is performed on the aberrated image field
i(p) with the complex conjugate of the retrieved transfer function 7()* to correct for the
isoplanatic part Wjs, of the aberration function in Eq. 3.2. This results in the following
Wiener deconvolution, yielding the isoplanatic-aberration corrected object field in pupil
space
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3 Computational non-isoplanatic lens aberration correction

hp*
+ <l p), (35)
[h(P)I°+e
where € is a non-zero positive value that mitigates the amplification of noise. Performing
an inverse Fourier transform results in the isoplanatic-aberration corrected object field

in field space, given by o.1(H). In the following part, the remaining non-isoplanatic
correction steps will be explained.

6(,‘1 ([_5) =

3.2.4 Pupil distortion correction

As mentioned previously, non-isoplanatic aberrations can be corrected by applying de-
convolution per object point. This method is computationally expensive because the
computational expense scales with the degree of non-isoplanatism. This is not the case
for pupil distortion. Pupil distortion represents non-isoplanatic aberrations that can be
efficiently computationally corrected via coordinate remapping.

Distorted Undistorted
Coordinate
remapping
 —
Fourier Inverse Fourier
T transform transform 1

Figure 3.3: Simulated pupil distortion correction approach with the corresponding fields
where (i)-(iv) indicates the sequential order of steps taken during the pupil distortion
correction. (i) aberrated amplitude image simulated nano-hole test grid with arbitrary
dimensions. (ii) Fourier transform of distorted image plane (i). (iii) Pupil plane after
remapping of the pupil plane coordinates. (iv) Retrieved undistorded amplitude of the
simulated test grid after pupil distortion correction.

As shown in Fig. 3.3, we computationally correct the pupil distortion by remapping the
coordinates of the aberrated pupil plane. First, the isoplanatic corrected object field in
field space o1 (H) is moved to the pupil field by Fourier transform, resulting in 6.1 (9).
Then, in pupil space, the distortion is corrected by remapping the coordinates g of the
distorted pupil field e’/ @' to the coordinates g’ of the undistorted pupil field, where
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3.2 Theory

f(P) represents the distortion strength. This distortion correction method can be shown
in detail using coma aberrations as an example of pupil distortion. The wavefront defor-
mation for low-order coma (W;3;) is absent at the nodal point close to the center of the
FoV, and increases linearly with the field coordinate H inside the FoV according to [46],

f(P)=Wi31(p-p). (3.6

In combination with the phase of the regular factor in the Fourier transform relation
given by (H - p), one can rewrite Eq. 3.6 as

(H-p)+ f(B)(H - B) = (H- p)(1 + Wiz1|pl*). 3.7)
After the correction, the coordinates correspond to the undistorted coordinates E’ given

by
(H-p)(1+ Wiz lpl*) = (H-p"). (3.8)

Therefore, the pupil coordinate remapping for only coma aberration W3, is given by

P+ Wisilpl®) = p', 3.9)

where the factor W3, defines the distortion strength. This pupil coordinates remapping
results in a distortion-corrected object field in pupil space given by d.,(g’). Then,
performing an inverse Fourier transform results in the isoplanatic aberration and
distortion-corrected intermediate object field in field space, given by oc(H). This
method is computationally efficient since it only contains two simple Fourier Transforms
independent of the amount of pupil distortion.

3.2.5 Singular value decomposition (SVD) based correction

Next, to correct for remaining small residual aberrations, a more general correction
method based on SVD is applied. The non-isoplanatic aberrated image, Eq. 3.10, can
be described as a linear system with a 4D-PSF matrix denoted Hyp between the object o
and the image i,

i=Hyp-o. (3.10)

Since direct inversion is computationally very inefficient due to the large size of Hyp,
we assume that in a small region around a certain image point the PSF is approximately
constant. This way, we can locally correct the image by applying a deconvolution with
the PSF at that point. In order to apply Hyp and its inverse in a computationally efficient
manner, we introduce an SVD-based deconvolution. The local deconvolution kernels for
the 2D-PSFs, which remain after the first two correction steps, for all object points are
reshaped into 1D columns, and are put in the transfer matrix C which has the following
SVD-decomposition

c=U-S-vT, (3.11)
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Figure 3.4: Supporting algorithm diagrams (a) Algorithm flowchart of non-isoplanatic
aberration calibration and correction. (b) Simulated example of PSF modes and their
corresponding weights. (c) Diagram of the singular value as function of mode number k
from (b). (d) Experimentally obtained singular values as function of the mode number k&
with kmax = 10 indicated with the red line.
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where U is a matrix with its columns comprising the modal isoplanatic 2D-deconvolution
kernels denoted by U = dk(ﬁ), where k denotes the column index of matrix U. The
second part of Eq. 3.11 is a 2D matrix describing the 2D modal weight factors, which
represents the non-isoplanatism, S- V7 = wy(H), where k represents the row index of
matrix S- V1. The aberration-corrected object-field is now obtained by performing the
SVD-based deconvolution for 4D aberrations given by

Kkmax
0c3(H) = Y di(H) * [wy(H) - 0c2 ()], (3.12)
k=1
where k4 denotes the number of used SVD-modes. By applying this SVD-theory one
could describe each PSF in the FoV as a sum of PSF modes with a corresponding weight
factor, as shown in a simulated example in Fig 3.4 (b).

The singular value represents the contribution of a certain PSF mode to the measured
PSFs in the FoV] as illustrated in Fig 3.4 (c). The computational load of the SVD increases
with the number of PSF modes defined as kpax and equals (kpax + 1) times a 2D-FFT.
In this study, the singular value as function of mode number k decays exponentially, as
shown in Fig 3.4 (d). Therefore, a value of 10 is chosen for kpax. The overall aberration
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correction theory is translated into an algorithm, and the flowchart is presented in Fig.
3.4 (a). The algorithm is split into a calibration part and a correction part, which will be
discussed in the Experimental results section.

3.3 Experimental results

In this section, we present an experimental demonstration of the non-isoplanatic lens
aberration calibration and correction. First, the calibration procedure of the 4D PSFs
with a specific calibration sample and the corresponding results are presented. Next,
we present the non-isoplanatic aberration correction for dedicated overlay target images.

3.3.1 Non-isoplanatic aberration calibration

Calibration of the field position-dependent aberrations is required to perform the non-
isoplanatic aberration correction described in the Theory section. The calibration sam-
ple consists of a 2D grid of nanoholes. The nanoholes were fabricated on a Si wafer
with a SiN etching layer using E-beam lithography. Each nanohole, having a cylindri-
cal shape with a diameter and depth of 100 nm, acts as a point scatterer by diffracting
spherical waves. During calibration, the complex-valued image field of a nanohole grid
is measured to determine the local PSF and thereby the aberrations at different object-
field positions. Thus, the nanoholes probe the spatial variation of the 4D aberrations via
multiple local PSFs. An example of a measured 70 x 70 um? calibration grid with a pitch
of 7 um is given in Fig. 3.5 (a). This calibration grid is measured using a wavelength of
532 nm.

From the measured field position-dependent PSFs presented in Fig. 3.5, it is clear that
the aberrations contain a high amount of linear coma that increases towards the edges
of the FoV, as indicated by the enlarged section in Fig. 3.5 (b). The tails of the PSFs point
towards the nodal point of the optical system, shown in Fig. 3.5 (c). In our approach,
there is a close cross-link between the correction and calibration of the aberrations.
Because the calibration data and the target data follow the same processing steps, any
uncertainty in the calibration grid centered at the nodal point is resolved. The center of
the calibration grid therefore only needs to be roughly at the position of the nodal point.

3.3.2 Non-isoplanatic aberration correction

The calibration measurement presented in the previous section is used to perform com-
putational correction following the three correction steps described in the Theory sec-
tion. The purpose of the df-DHM setup is to measure overlay on dedicated overlay targets
with different pitches. A test wafer with dedicated targets is used to verify the perfor-
mance of the proposed correction approach. The gratings in the bottom layer are etched
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3 Computational non-isoplanatic lens aberration correction

a Measured calibration grid

Arb. unit

Figure 3.5: Retrieved amplitude of a measured nanohole-calibration grid. (a) 70 x 70
pm nano-hole calibration grid with a pitch of 7 um at a measurement wavelength of 532
nm. (b) Magnified image of inset (i) where the PSF has high field position-dependent
aberration levels. (c) Magnified image of inset (ii) where the PSF mainly suffers from
isoplanatic aberrations.

in Si with an etch depth of 90 nm. The top layer gratings are lithographically made in
a resist layer with a thickness of 90 nm. The square overlapping gratings have a size of
either 5 um, 8 pm or 10 um and have a programmed overlay bias d of 20 nm.

A raw amplitude image of these overlay targets, retrieved from a single measured holo-
gram without applying any lens aberration correction, is shown in Fig. 3.6 (a). In this
image, overlay targets with sizes of 10 pm, 16 pm and 20 um and varying pitches in the
range of 400 nm to 900 nm are shown.

Fig. 3.6 is measured at a wavelength of A = 532 nm and a bandwidth AA = 1 nm.
The aberrations are relatively low in the centre of the FoV. The 4D aberrations increase
as one moves further towards the edges of the FoV. In particular, the small 10 x 10
um? sized overlay targets are significantly affected by the field position-dependent lens
aberrations. After correcting the field position-dependent aberrations we obtain the
retrieved amplitude images presented in Fig. 3.6 (b). Notably, for the overlay targets with
a large pitch (pitch: 700, 800, and 900 nm) relative to the measurement wavelength of
532 nm, the second diffraction order is captured by the imaging lens as well. This results
in an interference pattern between the first and second diffraction orders on top of the
homogeneous amplitude distribution of the first diffraction order. Fig. 3.6 (d) shows
the vertical cross-sections of magnified insets (i) and (ii) of Fig. 3.6 (c). By comparing
the uncorrected normalized amplitude (black) and aberration-corrected normalized
amplitude (red) with the unaberrated simulated normalized amplitude (blue), it can be
concluded that the aberration correction defines the target area more as a homogeneous
square amplitude. Nevertheless, after aberration correction, there is still a deviation left
with respect to the unaberrated simulated targets. The root cause of the residual error is
discussed in the following section.
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Figure 3.6: Experimental results of the aberration correction method for the VIS
wavelength regime. (a) Retrieved amplitude image from a measured hologram of biased
overlay gratings with sizes of 10 um, 16 um and 20 pm and varying pitches in the range
of 400 nm to 900 nm. No lens-aberration correction has been applied to this image. The
measurement has been performed at wavelength of A = 532 nm and a bandwidth AA =
1 nm over a FoV of 140 x 100 um?. (b) Field-position-dependent aberration corrected
retrieved amplitude image from a measured hologram of biased overlay gratings. (c)
Magnified image of the aberrated 400 nm pitch targets, inset (i) and magnified image
of the aberration corrected 400 nm pitch targets, inset (ii). (d) Cross sections of the
aberrated targets (c) (i), aberration corrected targets (c) (ii) and simulated targets without
any aberrations.
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3 Computational non-isoplanatic lens aberration correction

3.3.3 Potential limitations

As presented in the previous section, residual aberrations remained after applying the
aberration correction scheme. The wavefront error primarily results in the broadening
of the PSE which reduces its peak intensity. The quality of optical image formation can
be properly quantified using the Strehl ratio S, originally introduced in astronomy by Karl
Strehl [50]. The Strehl ratio is defined as the ratio of the peak intensity in the aberrated
PSF to the peak intensity of a diffraction limited PSF [51]

S= IpsE measured
- )
I PSE diffraction-limited

(3.13)

where Ipgr is the maximum intensity of the PSE A perfectly unaberrated optical system
results in a Strehl ratio of 1.

To calculate the Strehl ratio of our df-DHM setup, we performed aberration correction
on the nanohole calibration grid, as shown in Fig. 3.7.
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Figure 3.7: Non-isoplanatic aberration corrected PSF amplitude images measured at a
wavelength of 532 nm compared to a simulated diffraction limited PSE (a) Uncorrected
amplitude image of nanohole calibration grid over the entire FoV. (b) Magnified
amplitude image of inset (i) from (a). The columns from left to right decreases the
aberration levels via the earlier described correction steps and their corresponding cross
sections through the peak intensity (1-4). Compared to the simulated diffraction limited
PSEF (5).
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Fig. 3.7 (a) shows the uncorrected amplitude image of the nanohole calibration grid
measured at a wavelength of 532 nm. We calculated the Strehl ratio of a PSF which suffers
from field position-dependent aberration, as indicated by (i). A magnified image of this
PSF after each correction step and its corresponding cross-section are presented in Fig.
3.7(b) (1-4). Fig. 3.7 (b) (5) shows the simulated diffraction limited PSE The calculated
corresponding Strehl ratios after each aberration correction step are listed in Table 3.1.

Table 3.1: Strehl ratio after each aberration correction step

Processing step Strehl ratio
Uncorrected 0.094
Isoplanatic correction 0.169
Pupil distortion correction 0.792
SVD correction 0.810

After a full aberration correction procedure the Strehl ratio equals S = 0.810. The dif-
ference with a perfect Strehl ratio of 1 can be explained according to the following limi-
tations of the aberration correction method:

1. Sample surface roughness: The SVD step mainly suffers from sample surface
roughness. The roughness of the sample surface adds noise to the SVD method
because the PSFs are measured on a calibration grid sample.

2. Lens surface roughness: Similar to the sample surface roughness, the lens surface
roughness also adds noise to the aberration correction, resulting in an image that
is not perfectly corrected.

3. PSF cropping: Sample surface and lens roughness broadens the PSF significantly.
During the SVD correction step, every PSF is cropped around a certain radius.
Cropping, in combination with roughness, introduces errors by truncating the PSE

4. Maximum SVD modes: The number of used SVD modes to describe the field
position-dependent PSFs involves a trade-off between processing time and
accuracy. Therefore, limiting the number of SVD modes used contributes to
the overall residual aberrations.

Even though the above-mentioned limitations contribute to a residual aberration
in the aberration corrected image, a Strehl ratio S = 0.8 generally corresponds to the
diffraction-limited performance of the imaging system [52].

3.3.4 Near-Infrared wavelength range

Continuous developments in the semiconductor industry have led to the use of new
materials that are almost opaque at VIS wavelengths and become more transparent at
NIR wavelengths. One example is Ruthenium in the direct metal etch-processing steps
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[53]. Here, we demonstrate the aberration correction capabilities at a NIR wavelength.
In Fig. 3.8, we present an aberration correction measurement on overlay targets using
a wavelength of 1300 nm. Fig. 3.8 (a) shows the retrieved amplitude from a hologram

a b max

Arb. unit
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C Cross sections (i) (ii)
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—— Simulation without aberrations
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Distance (um)

Figure 3.8: Experimental results of the aberration correction for the NIR wavelength
regime. (a) A retrieved amplitude image of biased overlay targets with sizes of 10 um,
16 pm and 20 pum and varying pitches of 900 nm (top two targets) and 760 nm (bottom
three targets). No lens-aberration correction has been applied to this image. (b) A field-
position-dependent aberration corrected retrieved amplitude image of the same biased
overlay targets. The measurement has been performed with a wavelength of A = 1300 nm
and a bandwidth AA =12 nm. (c) Cross sections of the aberrated targets (a) (i), aberration
corrected targets (b) (ii) and simulated targets without any aberrations.

measured at a wavelength of A = 1300 nm with a bandwidth of AA = 12 nm. The pitch of
the upper two overlay targets is 900 nm and that in the bottom three targets is 760 nm.
Moreover, there is a small dust particle visible underneath the top right overlay target.
It is important to note the FoV of the NIR camera with the Sony IMX990 sensor is 4.5
times smaller than the FoV of the VIS camera with the 12 Mpixel CMOS image sensor.
As a result, the field position-dependent aberrations in the NIR measurements are less
significant at the edges of the FoV compared to the VIS measurements. Fig. 3.8 (b) shows
the field position-dependent aberration-corrected retrieved amplitude. In particular, the
highly aberrated overlay targets with a pitch of 760 nm (bottom row), of which the 15
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diffraction order goes through the edge of image lens pupil, improve significantly after
correction. Finally, in Fig. 3.8 (c), the cross section (i) and (ii) are compared to a simulated
target without any aberrations. The cross sections show a significant improvement after
aberration correction.

In this study, the experimental results at a measurement wavelength of 532 nm and
1300 nm are presented in detail. To demonstrate that this aberration correction method
also has good performance between the two wavelengths, aberration correction was per-
formed at wavelengths of 632 nm and 1064 nm. This results in the four Strehl ratios
presented in Table 3.2, calculated for the PSFs at the edge of the FoV.

Table 3.2: Calculated Strehl ratio for different measurement wavelengths.

Wavelength (nm) | Strehl ratio
532 0.810
632 0.852
1064 0.756
1300 0.732

The highest Strehl ratio is achieved at a wavelength of 632 nm, which is closest to the
objective design wavelength of 650 nm.

3.4 Conclusion

In conclusion, we demonstrated that in our df-DHM concept, where we retrieve the full
complex field, we are able to correct the non-isoplanatic lens aberrations in a computa-
tionally efficient manner through the co-design of a dedicated imaging lens and a three-
step algorithmic approach.

We first presented an uncoated 0.8-NA imaging lens that is designed to allow an op-
timal correction of the isoplanatic (field position-independent) aberrations and pupil
distortion (linear coma) and minimizes the remaining non-isoplanatic aberrations such
as field position-dependent astigmatism. Thereafter, we mathematically explained the
three-step aberration correction procedure. Subsequently, we presented the experimen-
tal results of a calibration measurement in which non-isoplanatic lens aberrations are
spatially probed using a grid of nanoholes, which act as point scatterers.

Next, using the measured aberration calibration, we demonstrated the correction ca-
pabilities of our three-step procedure in combination with the dedicated lens design.
In the VIS regime at a wavelength of A = 532 nm and a bandwidth AA = 1 nm the non-
isoplanatic aberrations over a FoV of 140 x 100 um? were corrected on several different
overlay targets with various grating pitches. Additionally, we demonstrated the aberra-
tion correction capabilities of our df-DHM setup in the NIR regime at a wavelength of
1300 nm.

Therefore, using a custom-designed high-NA objective lens consisting of only
two uncoated lens elements, we experimentally demonstrated these computational
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3 Computational non-isoplanatic lens aberration correction

aberration correction methods over an extended wavelength range, proving the potential
of df-DHM as a future wide-wavelength-range overlay metrology tool. Further studies
on demonstrating and quantifying the benefits of overlay metrology over an extended
wavelength range using the methods presented in this study and in Ref. [45] will be
undertaken in the future.
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CHAPTER 4

COMPUTATIONAL CORRECTION OF
THE ILLUMINATIONS SPOT PROFILE

The spatially coherent illumination beam from a single-mode fiber in combina-
tion with the oblique illumination angle in our digital holographic microscopy
concept, results in a non-uniform beam profile illuminating the overlay target.
In this chapter, we explore the effects of this non-uniformity on overlay
measurements. We experimentally demonstrate a calibration of this non-
uniform beam profile using a large grating. We present a simple computational
method to correct for this non-uniform illumination profile and we will show
how this improves the robustness of the measured overlay for target position
offsets

Published as: M. Adhikary, T. van Gardingen-Cromwijk, J. de Wit, S. Witte, J.E de Boer and A.
den Boef, Illumination spot profile correction in digital holographic microscopy for overlay metrology, J.
Micro/Nanopattern. Maters. Metrol. 22, 024001: 1-14 (2023)

39



4 Computational correction of the illuminations spot profile

4.1 Introduction

In the previous chapter, we demonstrated the image correction by calibrating and cor-
recting aberrations in the imaging lens. Here, we continue to explore various computa-
tional enhancements to this digital holographic microscope (DHM) concept that would
contribute to more precise and robust overlay measurements.

In this chapter, we explore the effects of a non-uniform illumination beam profile on
the imaging of overlay targets and its effect on overlay measurements. In DHM, two
oblique illumination beams are used that have an angle of approximately 70° relative
to the normal of the grating plane. The imaging lens in our DHM setup has an NA
of 0.8 which ensures that the 0™ diffraction order is not captured by this lens. These
illumination beams generate a +1% order (coming from one illumination beam) and a
-1%¢ order (coming from the other illumination beam). The intensities of the +1%tand -1t
order beam are:

K K
I+1 = Iill(+1) X DE(]. + E X OV), I—l = Iﬂl(*l) X DE(]_ - E X OV), (4]_)

where fjjy+1) and Ijj-) are the illumination intensities of the two illuminations respec-
tively, and DE is the diffraction efficiency of the grating stacks. Ideally, ;1) and Iy
need to be identical in both intensity level and profile, which can be challenging in exper-
iments where 0.01% intensity difference should be measured. If we separately calibrate
the individual illumination intensities for the two diffraction orders, then the corrected
diffracted intensities from the targets I${" = I.1/[jj+1) can be used to determine overlay
that is independent of the individual intensities of the two arms.

In addition to correcting for the total intensity of each illumination beam, which can
be done by deflecting part of the incident light with a beamsplitter into a photodiode,
correction for the spatial intensity profile Iy (7), where 7 is the position vector, is also
necessary to eliminate intensity variations within targets. While ideally, the targets would
be illuminated by two top-hat uniform beam spots with the same intensity and polariza-
tion, it is usually difficult to achieve this in practice. Our DHM concept uses a spatially
coherent near-collimated illumination beam from a single-mode fiber. This results in a
Gaussian-like illumination beam profile on the wafer. However, a Gaussian illumination
beam profile makes overlay metrology sensitive to target positioning errors. In this work,
we first calibrate the beam profile of the Gaussian illumination beam by using a large
diffraction grating and then use the calibrated profile to correct images of overlay targets
to improve overlay accuracy and precision.

In the following sections, we will first present the results on the calibration of the il-
lumination spot. Later we will show measurements on overlay targets and apply the
calibrated spot profiles to correct the target images. We show that overlay values ex-
tracted from these measurements are clearly improved after the illumination beam spot
is corrected, which demonstrates that our beam profile correction method improves the
overlay metrology precision. We also show that consistent overlays can be measured
when targets are placed at different relative locations of the illumination beam.
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4.2 Illumination spot profile calibration

To measure the illumination beam spot Iy (¥) as incident on the overlay targets, we use a
large grating as a calibration target. The size of the calibrating grating is much larger than
the FoV of the imaging system and spot size. Since we are interested in calibrating a beam
spot with an oblique incidence (approximately 70°), the pitch of the calibration grating
is chosen in such a way so that with the chosen angle of incidence, the 1% diffraction
order from the grating is perpendicular to the grating surface. For these experiments,
we use a commercially available grating from ThorLabs (GH13-18V - Visible Reflective
Holographic Grating, 1800 lines/mm), which corresponds to a pitch size of 555.6 nm.
For this pitch size, we choose a wavelength of 522 nm for the experiment, which is the
wavelength at which the 1st order diffraction is normal to the grating surface when the
angle of incidence is 70°. The first-order diffracted beams for both illumination arms are
captured by the imaging lens and they transmit through the center of the exit pupil of the
imaging lens, as shown in Fig. 4.1 (a).
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Figure 4.1: (a) A conceptual schematic of the illumination beam profile calibration for
the DHM setup. The calibration target is a large grating that sends the 15! order diffracted
light to the image sensor through the middle of the imaging lens. The diffracted 1%
order beams from the two illumination beams coming from opposite directions are
overlapped. (b) An intensity image on the camera of the overlapping +15 and -15! orders
from the calibration grating produced by two oblique illumination beams from opposite
directions.

The diffracted beams are then imaged on the sensor, as seen in Fig. 4.1 (a), which gives
expected Gaussian-like beam profiles that are stretched along one direction due to the
oblique incidence. In addition to the intensity profile, speckles are also observed that is
caused by the optically rough surface of the calibration grating.

The imaged diffracted orders of the calibration grating are the calibrated intensity pro-
files of the illumination beams, which are overlapping in the FoV of the sensor. How-
ever, in our DHM concept, we can retrieve both complex illumination profiles on the
grating using the parallel acquisition feature [54, 55]. Two overlapping digital holograms
of the two illumination beams is created by coherently interfering the diffracted beams
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4 Computational correction of the illuminations spot profile

with their corresponding reference beams (Fig. 4.2 (a)). With a 2D Fast Fourier Trans-
form (FFT), we digitally move to the pupil plane and obtain the baseband and the fully-
separated sidebands containing the interference terms and their conjugates for both
arms, as shown in Fig. 4.2 (b). In the pupil plane (i.e. each sideband of the frequency
spectrum) a central amplitude peak is observed as expected for the diffraction orders. In
addition, the whole NA of the lens is also filled with a background with homogenously
distributed speckles, originating from the rough sample surface.

2(mn

Zmn 20711

Figure 4.2: (a) Recorded overlapped holograms of the +1st and -1st orders of the beams
diffracted by the calibration grating. The checkerboard pattern of the zoomed-in part
of the digital hologram shows the two sets of interference fringes running in opposite
directions diagonally. (b) The spatial frequency of the digital hologram after a 2D
FFT, which includes the central baseband containing the DC terms and the sidebands
containing the interference terms. (c,d) The reconstructed intensities and (e,f) 27t phases
of the two diffraction orders from the calibration grating.

Next, with an inverse FFT of the sidebands, we reconstruct the complex field of the two
illumination beams, Eiill () and Eﬂll (7) whose absolute values squared give the intensities
(Fig. 4.2 (c,d)) and their arguments give their 27t wrapped phases (Fig. 4.2 (e,f)). Thus,
we obtain the calibrated complex field of the illumination beam spot at a particular
wavelength (in this case 522 nm). Note that the reconstructed intensities, plotted as the
square of the absolute values of Eﬂll(?) and Eﬂll(F), are not the same. Later we show
that this calibration step also helps to eliminate the effect of the intensity imbalance
between the two arms on overlay measurements. It is to be noted that this is a one-
time calibration step on a dedicated calibration target that can be placed on a fiducial
plate inside the overlay metrology tool. For actual on-product overlay measurements,
the same calibrated beam profiles would be used for correction.
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4.3 Experimental results

4.3.1 Overlay target measurements
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Figure 4.3: Reconstructed intensity (top) and 27t wrapped phase (bottom) of the +1
diffraction order for an overlay target pair (a) before and (b) after illumination spot
correction.

After calibrating the complex illumination field, the calibration grating is replaced by a
silicon test wafer containing pairs of overlay targets of size 38 x 38 um? with programmed
overlay values in a range of -20 nm to 20 nm with a step size of 10 nm. Each target
consists of two overlapping grating pairs with an overlay bias d of +20 nm and -20 nm.
The overlay targets are measured in the DHM following the same procedure as the il-
lumination beam measurement. Digital holograms of the +1% and -1%' orders from the
targets are recorded and the reconstructed amplitudes of the 9 sets of target pairs are
shown in Fig. 4.4 (a). The illumination beam spot is clearly visible on the reconstructed
intensity images of these large targets. The wrapped phase profile of the target pair shows
curved 27t-wrapped phase jumps, implying the presence of a curved phase front. After
this, the measured complex fields are corrected by dividing them by the pre-calibrated
illumination spot as

obj

obj
E —1(corr)

+1(corr)

7 = E*(®/EY (7), and E () = BV @ /EY (7). 4.2)

+1
As seen in Fig. 4.3, the intensity gets significantly more uniform across each target after
this correction step. Moreover, after correction, the 27t phase jumps run along straight
lines indicating that the phase profile of the corrected target image is a tilted plane wave.
This implies that the phase curvature before the correction step originates from the illu-
mination optics, since the curvature gets eliminated in this correction process.

For both corrected and not corrected images of the overlay targets, the overlay values
are calculated using the overlay equation presented in Chapter 1 (Eq. 1.11) with d = 20
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4 Computational correction of the illuminations spot profile

nm. To calculate overlay, we use the mean intensity inside a region-of-interest (ROI) in
each square, excluding the edges. The area of this ROI is kept constant for all targets
for a fair comparison. The measured mean OVs as a function of the set OVs are plotted
in Fig 4.4 (c). Before illumination spot correction, the overlay values are linear with the
set values, with an offset of about 20 nm and a slope of 1.57. When the illumination
correction is applied, the mean overlay values are much closer to the expected values
with an offset of only 2.96 nm and the slope improves to 1.08. The overlay variations o
plotted in Fig. 4.4 (d) are derived from the pixel-to-pixel intensity variation in a target
for two diffraction orders. Illumination spot correction significantly reduces this pixel-
to-pixel overlay variation to a standard deviation that is less than 10 nm. The interesting
part of this measurement is its robustness against the intensity imbalance between the
two illuminations, as was seen in the reconstructed illumination intensities in Fig. 4.2
(c,d).
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Figure 4.4: The holographically reconstructed intensity images of the overlay target
pairs for both diffraction orders (a) before and (b) after correction of the illumination
spot, measured at wavelength 522 nm and bandwidth of a few nm. (c) The estimated
mean overlay values estimated from uncorrected and corrected images as a function
of programmed OVs. (d) Propagated o error of the OVs derived from the pixel-to-pixel
intensity variation in each target for two diffraction orders.
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Figure 4.5: The -1st and +1st order reconstructed intensity images (a) before and (b) after
illumination correction of a pair of overlay targets with programmed OV = 0 nm as the
targets are moved across the camera FoV from left to right, measured at wavelength 522
nm and bandwidth of a few nm. (c,d) The mean corrected intensity of each individual
target with their standard deviations as the error bars as a function of horizontal position
on the FoV for -1st and +1st diffraction orders, respectively. (e) The extracted overlay
values and (f) the o errors propagated from the intensity errors in the targets as a
function of position.

Another effect of the non-uniform illumination spot profile is the variation of the re-
trieve overlay value if the target position relative to the beam spot is changed. With
illumination spot correction, we expect to eliminate this effect. Hence we check if we
achieve more consistent overlay values for the same pair of targets at different relative
locations within the illumination beam across the FoV. For this, we perform a measure-
ment on one set of overlay set-get targets with set overlay of 0 nm by translating the
targets across the FoV along the horizontal direction, while the illumination beams are
kept constant. A total of 6 holographic images were captured by translating the stage
with a step size of 10 um. The reconstructed complex fields are corrected using the cali-
brated illumination field following the method discussed above. The -1st and +1st order
reconstructed intensity images of the targets before and after correction of illumination
spot are shown in Fig. 4.5 (a) and (b), respectively. The intensity profiles of the targets
get significantly more uniform at all the measured locations after the correction steps.
To quantify, the mean intensities of each target (+d and -d) for the -1%' and +1% orders
are plotted in Fig. 4.5 (c) and (d), respectively, as a function of FoV positions. The error
bars on these data are the standard deviations of the intensities within each target. Slow
linear intensity shifts with positive and negative slopes are observed for the +1st and -1st
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Table 4.1: : OV parameters calculated from the position scan experiments

Wavelength | Coherence length mean OV standard deviation
uncorrected | corrected | uncorrected | corrected
522 nm 70 pm -9.18 nm -1.33 nm 7.59 nm 3.25nm
632.8 nm 400 um -55.56 nm 3.97 nm 15.76 nm 0.75nm

orders, respectively as a function of position. Next, the overlay values are calculated for
each position of the targets and plotted as a function of position in Fig. 4.5 (e) for both
uncorrected and corrected cases. Before illumination correction, the overlay values for
the same pair of targets vary from 0 to -20 nm from left to right, with a steep slope with
respect to position on the field, with relatively high standard deviations ¢ in the range of
11 nm to 16 nm, shown in Fig. 4.5 (f). After illumination correction, the overlay variation
with field position is less, with overlay values +3 nm on the left and slowly decreasing to -
6 nm on the right of the FoV. The overlay precision is significantly improved with o being
less than 4 nm at all locations. Although illumination correction improves the overlay
precision, the values are not the same at all measured positions, which is undesired.

To explain the shift in overlay across FoV, we explore the possible reason behind this.
The effect of field position-dependent amplitude variation in DHM has been explained
by Cromwijk et al.[56]. According to this effect, when the source has limited monochro-
maticity with a bandwidth of several nm, the holographic imaging system’s point spread
function (PSF) changes from left to right on the FoV. This overall effect introduces an extra
intensity imbalance on top of the intensity imbalance caused by the overlay, causing
inaccuracy in overlay measurement when measured at different positions in the field.
The illumination spot correction demonstrated here does not eliminate this effect. This
effect and its correction will be discussed in more detail in Chapter 6.

4.3.2 Robust overlay against positioning errors

To check whether the shift in intensity with field position in our experiments is indeed
caused by this effect, we perform another experiment by using a narrower bandwidth.
For these measurements, we used a custom-made calibration grating with a pitch size
of 692 nm for the illumination spot correction, which has much lower levels of surface
roughness compared to the Thorlabs grating. The wavelength was set at 632.8 nm ac-
cording to the availability of a narrow-pass filter for this wavelength and is closer to the
calibration grating pitch. A laser-line interference filter is used to limit the bandwidth
to only 1 nm resulting in a coherence length of about 400 um, which is long enough
compared to the OPD within the FoV. After calibration of the illumination spot for 1
nm bandwidth, the overlay targets are remounted in the setup and the experiments are
repeated.

The holographic images of one set of targets with programmed OV = 0 are measured
with 1 nm bandwidth at 632.8 nm center wavelength by moving them across the FoV
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Figure 4.6: The -1st and +1st order reconstructed intensity images (a) before and (b) after
illumination correction of a pair of overlay targets with programmed OV = 0 nm as the
targets are moved across the camera FoV from left to right, measured at wavelength 632.8
nm and bandwidth of 1 nm. (c,d) The mean corrected intensity of each individual target
with their standard deviations as the error bars as a function of horizontal position on
the FoV for -1st and +1st diffraction orders, respectively. (e) The extracted overlay values
and (f) the o errors propagated from the intensity errors in the targets as a function of
position.

along the horizontal axis. Fig. 4.6 (a) show the reconstructed intensities of the -1%' and
+1%¢ orders of the overlay targets from the holograms at six different locations and Fig.
4.6 (b) shows intensity profiles after being divided by the calibrated illumination spot.
The mean intensity and standard deviations of each target are extracted from the cor-
rected intensities and plotted as a function of position in Fig. 4.6 (c,d). Compared to the
position-dependent intensities in Fig. 4.5 (c,d), the corrected mean intensities here are
more constant at every location, with o error in each target within 7 nm, as seen in Fig.
4.6 (f). On the other hand, we observe large within target o variations before correction,
showing the usefulness of this method. This clearly translates to the calculated overlay
values and their within target o in Fig. 4.6 (e,f). In Table 4.1, we summarize the mean
overlay and their standard deviations of all measured positions in the FoV for the two
cases with different coherence lengths. The data show a clear improvement in overlay
precision against target positioning error on the corrected data for the case of 400 um
bandwidth source. The overlay variation across a relatively large position variation of 50
pm in the FoV, given by the standard deviation of overlay values at each location is only
0.75 nm, as opposed to 3.25 nm for the case of 70 pm bandwidth source.

Next, The holographic images of the other overlay targets are also measured and the
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Figure 4.7: The holographically reconstructed intensity images of the overlay target
pairs for both diffraction orders (a) before and (b) after correction of the illumination
spot, measured at wavelength 632.8 nm and bandwidth of 1 nm. (c) The estimated
mean overlay values estimated from uncorrected and corrected images as a function of
programmed OVs. (d) Propagated o error of the OVs from the intensity variation within
each target.

uncorrected and corrected reconstructed intensity profiles are shown in Fig. 4.7 (a,b).
Note that in this case the corrected intensity difference between the negatively biased
(—d) and positively biased (+d) targets is lower than the case when a wavelength of 522
nm was used. This implies that the overlay sensitivity K is lower at 632.8 nm for these tar-
gets compared to that at 522 nm. Less sensitivity also implies that overlay measurements
are more prone to mismatch between the two illumination beams in our DHM setup.

The overlay values and their errors within the target are estimated for both non-
corrected and corrected cases and are plotted as a function of set OVs in Fig. 4.7(c,d). A
good linear relation of the measured overlay values with the set values after correcting by
the illumination spot as opposed to the uncorrected version indicates the effectiveness
of this method. The overlay offset improves from -54 nm in the uncorrected case to +4
nm in the corrected case. These results indicate that with a sufficient coherence length
of the source, consistent overlays can be estimated irrespective of the location of the
targets with respect to the illumination beam spot.
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The overlay offsets of a few nm after the correction could result from a small differ-
ence in the angles of incidence of the two illumination beams. Another effect is the
polarization state of light used in the measurements. Linearly polarized light is used in
the setup coupled into PM single-mode fibers. Although PM fibers are used, significant
polarization crosstalk in such fibers can still be present. Thus, the polarization state after
the fibers likely has elliptical components instead of being purely linearly polarized. The
orientation of the linear polarization of the two illumination beams is assumed to be the
same. Yet, a small difference in the angle of orientation can cause a difference in the
diffraction efficiency in the -1%' and +1% orders.

The larger pixel-to-pixel errors on overlay in the case of using 632.8 nm wavelength in
Fig. 4.6 (f), 4.7 (d) as compared to 522 nm Fig. 4.4 (d), 4.5 (f) are primarily caused by a
lower wavelength-dependent stack sensitivity. The targets’ stack sensitivity is defined as
a ratio of the intensity difference in the —d and +d targets, and their average intensity
at d = 20 nm and 0 set overlay[57]. These values are between 0 and 1, with 0 being the
intensity difference between the two targets having no sensitivity to overlay shift and 1
being the highest sensitivity. From the experimental data at 632.8 nm, the stack sen-
sitivity is about 0.17, while the same targets have a higher stack sensitivity of about 0.51
when 522 nm wavelength was used. Lower sensitivity implies that overlay measurements
are dependent on lower signal levels and hence more sensitive to imperfections in the
measuring system.

4.4 Conclusion

The implementation of computational illumination spot correction significantly
enhances the precision and robustness of overlay measurements in DHM. By carefully
calibrating and correcting for non-uniform beam profiles, systematic errors originating
from illumination intensity imbalances and target positioning inconsistencies are
mitigated. Experimental results demonstrate substantial improvements in overlay
accuracy and precision after applying these corrections. These findings show the value
of computational techniques in optimizing DHM for advanced overlay metrology,
laying the groundwork for addressing remaining imperfections through computational
methodologies.
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CHAPTER 5

COMPUTATIONAL VIBRATION
MITIGATION USING PHASE
INTERPOLATION

Digital holographic microscopy is an interferometric technique that is inherently
sensitive to undesired phase variations between object and reference beam.
These phase variations lower the fringe contrast if they are integrated over
a finite exposure time which leads to a reduced amplitude of the retrieved
image. This results in significant errors in applications that rely on a stable
and accurate amplitude measurement, such as optical overlay metrology in the
semiconductor industry. We present experimental results on a computational
vibration mitigation method using phase interpolation between a sequence
of measured holograms and demonstrate its capability to improve metrology
precision in an overlay metrology application that uses digital holographic
microscopy.

Published as: T. van Gardingen-Cromwijk, S. Konijnenberg, S. Witte, J.E de Boer and A. den Boef,
Computational vibration mitigation using phase interpolation in digital holographic microscopy for overlay
metrology, Opt. Express 32, 024001 (2023)
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5.1 Introduction

Interferometry is a powerful technique that is used in a wide range of applications across
various domains. By measuring the interference patterns of waves, interferometry
enables precise measurements, imaging, and analysis in domains like astronomy [58],
metrology [26], medical diagnostics [59] and optics manufacturing [60]. However, the
accuracy of interferometry can be significantly degraded by undesired phase variations
between the interfering beams due to, for example, mechanical vibrations. Vibrations
during acquisition time in interferometry cause fringe washout [61], resulting in contrast
loss which leads to an incorrect measurement result. Therefore, most interferometers
are equipped with a system to damp or isolate the vibrations. Motorized equipment and
cooling fans are removed from the system and even air turbulence is controlled [62].
The sensitivity of interferometers to vibrations is a fundamental challenge. However, in
some metrology applications vibrations isolation is not feasible due to cost constraints
or other system requirements. One example is optical overlay metrology where many
overlay targets on a wafer need to be measured with an optical sensor while the wafer
is moved at high velocities in a step-and-measure fashion in the shortest possible time.
Under those demanding conditions, mechanical vibrations on the um level between the
optical sensor and the wafer are unavoidable [4]. Another vibration mitigation strategy is
freezing in the motion using a higher acquisition frequency than the vibration frequency.
Single shot DHM with a short acquisition time eliminates the challenge of vibrations in
an interferometric system. However, in overlay metrology the overlapping gratings are
thin, resulting in a low diffraction efficiency. Therefore, overlay measurements require
an integration time on the order of milliseconds. This exposure time is too long to
effectively freeze the vibrations resulting in fringe contrast loss. Since the retrieved
overlay error in DBO is based on measured intensity values, fringe contrast loss due to
vibrations directly degrade the precision of the measurement.

Since the 1960s, optical interferometry has been applied for whole-field, non-contact
vibration measurement[63, 64]. For example, in Ref. [63, 64] holographic interferome-
try is used to visualize the amplitude of harmonic vibrations of an object by inspecting
the contrast loss that occurs in the holographic fringes. However, so far phase-based
vibration measurements have never been used to computationally correct for the fringe
contrast loss due to these vibrations.

One interferometric technique that is highly robust against vibrations and air turbu-
lence is known as "Dynamic Interferometry" [65-67]. In this approach, the two inter-
fering beams are orthogonally polarized and an image sensor with a pixelated wire grid
polarizer creates four interleaved interferograms with 90 degree phase steps. From these
four interferograms, the phase difference between the interfering beams can be retrieved
from a single camera acquisition which makes this techniques ideally suitable for test-
ing large optics under regular atmospheric conditions [66]. However, our DHM-based
overlay metrology method requires the parallel acquisition of two off-axis holograms
[26], where each hologram of the metrology target is taken under different illumination
settings. In that case it is not possible to use this Dynamic Interferometry technique to
retrieve the images of the overlay metrology target.
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5.2 Theory

In this work, we present a method based on high-speed digital holography for correct-
ing fringe contrast loss due to vibrations and other sources like air turbulence. This is
done by measuring a sequence of digital holograms with a high-speed camera in order
to track the vibration of the object as a function of the time. The phase change between
two exposures is interpolated in order to calculate the expected contrast loss per holo-
gram. In the next section, we will first present the theory of our vibration mitigation
method using phase interpolation. In section 5.3, we describe the Michelson interferom-
eter setup, which is used to verify the method conceptually. Thereafter, we will present
experimental results obtained. We conclude the paper by presenting an improvement in
overlay precision using our phase-based vibration mitigation method and its potential
future improvements.

5.2 Theory

5.2.1 Vibrations in digital holographic microscopy

Digital holographic microscopy (DHM) is an interferometric technique that is sensitive
to undesired phase variations. These vibrations appear as phase variations between the
object and reference beam in the interference signal on the detector. The instantaneous
intensity as function of time and at position 7 is given by

I(F, 1) = |0(F)? + |R(F)|> + O(F)R* () expliep(1)] + O* (F)R(F) exp[—ip(1)], (5.1

where ¢(#) indicates the phase variations due to undesired vibrations. The image sensor
integrates this intensity, Eq. 5.1, over an acquisition time T resulting in a sampled mean
intensity at time instant #; given by

t+T/2
Ik(?)=—/ I(7,ndzt. (5.2)
T Jt-1i2

We assume that the object and reference fields, O and R respectively, are time-invariant
so the detected hologram at time # is given by

It(F) = |0* + |R* + OR*Ci + O*RC}, (5.3)

where Cj. is a complex-valued contrast parameter that describes the contrast loss due to
the phase variation ¢(¢) given by

1 t+T/2
Cr = —f expligp(p]dr, (5.4)
T Jy-112

where ¢(f) includes all phase variations between the object and reference beams like
mechanical vibrations and air turbulence. In DHM, the relevant amplitude and phase
is given in the cross-correlation term OR* Cy. and its complex conjugate as described in
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Eq. 5.3. Therefore, one cross-correlation term is filtered in the pupil plane using Fourier
transform techniques, given by

Fi(F) = OR*Cy. (5.5)

In this work, we aim to reconstruct the phase ¢(#) from a sequence of complex-valued
holograms I;. The phase profile ¢(¢) can only be reconstructed if the time dynamics
of the sample and the variability of the phase disturbances are much slower than the
acquisition rate of the camera. Therefore, this method is limited to application which
meet these requirements. The sampling frequency for this method to work must be twice
the highest vibration frequency, according to Nyquist sampling theory [68]. However, a
positive phase change results in the same contrast loss as a negative phase change. So the
contrast loss oscillates with a frequency that is twice the vibration frequency. Therefore,
to distinguish between the sign of the phase gradient the frame rate should be at least 4
times the sampling of the system. For the 1000 frames per second camera used in this
study, the upper limit of the vibration frequency is 250 Hz. After reconstruction of the
measured phase ¢(t), the vibration-induced fringe contrast reduction can be calculated
and compensated for computationally.

5.2.2 Phase-interpolated correction

A high frame-rate camera is used to acquire a sequence of holograms. Each hologram
yields a retrieved phase, as illustrated in Fig. 5.1 with the black dots. In order to re-
trieve the continuous phase variation over time ¢(¢), indicated with the red line, the
phase should be interpolated between the measurement points. Therefore, the mea-
sured phase points are fitted resulting in the black dotted curve in Fig. 5.1. The phase fit
¢r(t) is used to calculate the contrast loss Cy, r for each measurement point at f;. Using
Eq. 5.4 the contrast loss is given by

1 te+T/2

Crr=— expli¢r(t)ldt. (5.6)
T Jt-112

The calculated contrast loss due to vibrations Cy r is then used to obtain a corrected
signal I, from the measured signal I, Eq. 5.3 given by

Fy OR*Cy
Ieor=F—=—F7""=
Cer  Cir
Eq. 5.7 shows that the correction step removes the phase fluctuations from the measured
signal. Dependent on how well the actual phase can be matched by fitting the measured
phase points, the correction method can be sufficiently good for time-invariant sample
cases of interest.

OR*. (6.7

5.2.3 Phase fitting method

The fitting method used in this work is Fourier coefficient fitting. In reality the vibrations
of the phase are not completely random, but rather a combination of a few well defined

54



5.3 Method

0.5 T T T T T T
b actual
@ sampled by camera
— 0 - — fitted ¢ 1
2
8
8 05
S
3
© -1r
<
[}
151
7
2 . .
2 3 4 5 6 7 8 9 10

time ¢ Imsl]

Figure 5.1: An illustration of the retrieved phase interpolation method, where the black
dots indicate the phase values per measured hologram. The red line represents the
actual phase fluctuation over time and the black dotted curve shows the a fit through
five measurement points.

frequencies f;. Therefore, the phase fluctuations ¢(#) may be described with a limited
set of complex-valued Fourier coefficients ¢,

N
Gt) =) cpexpli2nfyt]. (5.8)
n=1

Here, in Eq. 5.8, we fit a limited set of unknown coefficients c, to the set of phase mea-
surements via a standard least-square fitting method. The sensitivity of the frequencies
fn depends on the length of the measurement. In this method the input frequencies f;,
are taken from the measurement frequency spectrum itself. Here, we assume that the
frequency spectrum is discrete. The technique can fit the lower frequencies better once
the measurement is taken over a longer period of time.

5.3 Method

In this section, we will present experimental setups that demonstrate the capabilities of
our vibration mitigation technique. We will first verify the concept on a simple Michel-
son interferometer setup. Secondly, we will explain how the controlled vibrations are
introduced in our off-axis DHM setup.

5.3.1 Michelson interferometer

Fig. 5.2 shows a schematic representation of the experimental setup that was built to
test our vibration mitigation method. Light from a supercontinuum white light source
(Leukos Rock 400) is filtered by an acoustic optical tunable filter (AOTF) tuning the de-
sired wavelength. In this study, a wavelength of 632 nm with a bandwidth of 1 nm is
used. The beam is divided into an illumination beam towards mirror 2 (M2) and refer-
ence beam towards mirror 3 using a 50:50 beamsplitter. Mirror 2 (M2) is placed under
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a small angle creating a dense fringe pattern that is similar to a fringe pattern in off-axis
holography. A lens (L1) after the beamsplitter images the mirror surfaces on the high
speed camera.

Supercontinuwum AOTF

=R

High-speed
camera
D
LS BS
L1
M2
? ‘Waveform
PS = < generator

Figure 5.2: Schematic representation of the experimental setup for vibration mitigation
in interferometry.

In this setup optical path lengths can be matched by moving mirror 3 (M3) using the
linear stage (LS). Then, a vibration can be added to the system via the piezo electric
stack attached to the back of mirror 2 (M2). This piezo electric stack (PS) in driven by
a waveform generator letting mirror 2 (M2) vibration along the optical axis. The high-
speed camera used in this setup is the HZ-2000-G-M from Emergent Vision Technologies
(www.emergentvisiontec.com) with the Gpixel GSPRINT4502 CMOS image sensor hav-
ing 2048 by 1216 pixels with a pixel size of 4.5 ym. The camera has a global shutter and
can reach 1782 frames per second at 10-bit mode and 3462 frames per second at 8-bit
mode. In this work, the camera is used at 1000 frames per second in 10-bit mode.

5.3.2 Digital Holographic microscopy

After verifying the concept using the Michelson interferometer, an overlay measurement
is performed using our dark-field off-axis DHM on dedicated test targets. A schematic
representation of the DHM setup is given in Fig. 5.3. The vibrations are introduced with
the piezo electric stack vibrating against the +1% reference output fiber mount. Here,
the same high-speed camera is used as presented in the Michelson interferometer setup
(HZ-2000-G-M from Emergent Vision Technologies), section 5.3.1.

The phase per measured hologram will be presented as a single value. This single value
is retrieved from a nine pixel average of the peak in the Fourier domain. If the sample
vibrates laterally, then the fringe contrast loss depends on the local phase gradient. If we
had a sample with a phase that varies randomly as function of position, the contrast loss
would vary as function of position. However, because in overlay metrology we consider a
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Figure 5.3: Schematic representation of the experimental setup for vibration mitigation
in digital holographic microscopy.

target over which the phase gradient is constant, we can unambiguously assign a single
phase shift and contrast loss per hologram.

5.4 Experimental results

The experimental results are obtained with a wavelength of 632 nm. The holograms are
captured with a frame rate of 1000 frames per second and the exposure time equals 987
ps. The results presented in section 5.4.1 and 5.4.2 are obtained using the Michelson in-
terferometer (section 5.3.1) setup and the results presented in section 5.4.3 are obtained
using the off-axis DHM setup (section 5.3.2).

5.4.1 Single frequency

The piezo electric stack actuates the mirror vibration with an amplitude of 1 ym and a
frequency of 140 Hz. The retrieved phase and amplitude variations as function of time
due to the vibrations are presented in Fig 5.4 (a) and (b), respectively.

Phase fluctuations during acquisition time cause fringe washout, resulting in a de-
creased retrieved amplitude, as presented in Fig. 5.4. For the retrieved phase plot (a) a 1D
Matlab phase unwrap function is used. As shown in Fig. 5.4, a large phase gradient at ¢ =
0.005, indicated with the red dotted line, results in almost 40% decreased amplitude. At
the top of the sinusoidal vibration at ¢ = 0.007 s, indicated with the blue dotted line, the
phase gradient is zero resulting in a corresponding normalized retrieved amplitude of 1.
For illustration purposes the minimum fringe contrast (at ¢ = 0.005 s) and the maximum
fringe contrast (at £ = 0.007 s) are shown in Fig. 5.4(c). Once the actual phase variation
during acquisition time is known, the corresponding amplitude loss can be calculated.
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Figure 5.4: Retrieved phase (a) and amplitude (b) values due to 140 Hz 1 pm vibration of
15 holograms measured with 632 nm wavelength. (c) The contrast loss due to vibrations,
with minimum contrast at t = 0.005 s (red dotted line) and maximum contrast at t = 0.007
s (blue dotted line). The camera frame rate is 1000 frames per second with an exposure
time of 987 ps.

Therefore, a phase profile is fitted to the measurement points as described in section
5.2.3. The interpolated phase profile is plotted in red through the measured phase points
as shown in Fig. 5.5.

Phase (rad)

6 . . T T
J L —=— Measured phase [

L — Interpolated phase|]
2 _
0 —
2 —
4
6 L . I . I . I . I .
0.000 0.005 0.010 0.015 0.020 0.025

Time (s)

Figure 5.5: Phase measurement of an applied 140 Hz vibration as function of time
indicated in black and the interpolated phase between measurement points indicated
in red.

Integrating over the interpolated phase where the integration window equals the ex-
posure time of 987 s results in the calculated phase. Based on the calculated phase the
predicted amplitude loss is calculated. Fig. 5.6 (a) shows the measured amplitude in
black and the calculated amplitude based on the measured phase changes in red.

The corrected normal amplitude is then obtained by dividing the measured normal-
ized amplitude (black curve) by the calculated normalized amplitude (red curve). The
difference between the calculated amplitude and the measured amplitude is shown in
Fig. 5.6 (b).

58



5.4 Experimental results

12 . T . T - T T
1.1

= Measured amplitude
#— Calculated amplitude
0.9

n . ™ /‘ =
0.8

" N A lan \ ) _ ]
0.7 \/ \\‘-’/ \\.ﬂ ' J .\ i/ - . "i/' \:

06 ‘ A 1 ; 1 '
0.000 0.005 0.010 0.015 0.020 0.025

Time (s)
0.016 ; - . I ; : . .

1.0

L b L N L

Normalized amplitude

0.012 n
0.008 =

0.004 -

=
\

/
/

p
"
.

|

u
u
u
w
L
P
P I IR e

0000 - w " w A S

Normalized amplitude
difference

-0.004 . | N 1 L | L | L
0.000 0.005 0.010 0.015 0.020 0.025

Time (s)

Figure 5.6: (a) Amplitude loss due to an applied vibration of 140 Hz as function of time
indicated in black and its corresponding calculated amplitude indicated in red. (b) The
difference between the calculated amplitude and the measured amplitude.

5.4.2 Multiple frequencies

By applying an arbitrary waveform to the piezo stack a combination of vibration frequen-
cies can be measured. Here, the frequencies 20, 60 and 140 Hz are combined with an
amplitude of 1 pm. The same analysis as presented in the previous subsection is applied
to the measurement data. The measured phase as function of time is shown in Fig. 5.7.
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Figure 5.7: A phase measurement of a combined 20, 60 and 140 Hz vibration as function
of time indicated in black and the interpolated phase in red.

Based on the phase profile presented in Fig. 5.7 the normalized amplitude loss is

calculated and shown in Fig. 5.8 (a) (red curve). The difference between the calculated
amplitude and the measured amplitude is shown in Fig. 5.8 (b).
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Figure 5.8: (a) Amplitude loss due to a combined vibration of 20, 60 and 140 Hz
as function of time indicated in black and its corresponding calculated amplitude
indicated in red. (b) The difference between the calculated amplitude and the measured
amplitude.

5.4.3 Overlay measurement

The vibration mitigation method presented in the previous sections is here applied to
an overlay measurement on dedicated overlay targets of 16 x 16 um? with a grating pitch
of 600 nm. 25 holograms were measured with 1000 FPS frame rate and 987 ps expo-
sure time. In overlay metrology, the signal loss Cy (Eq. 5.4) due to phase variations
becomes critical when it is different for the +15t and —1% diffraction order. Therefore,
DBO metrology is insensitive for only out-of-plane sample vibrations because it results
in the equal contrast loss for the +1°t and —1%* diffraction order. However, a combination
of out-of-plane and in-plane vibrations results in a different fringe contrast loss for the
+1%t and -1% diffraction order. This results in a relative intensity difference between the
diffraction order which directly leads to incorrectly retrieved overlay values. Therefore in
this experiments, the piezo electric stack vibrates only the +1° reference beam with 140
Hz. The overlay error in nanometers is calculated using Eq. 1.8 and presented in Fig. 5.9.

The black measurement points in Fig. 5.9 represent the measured overlay error without
any vibration correction, resulting in a standard deviation of o = 7.9 nm over 25 measure-
ments. The red measurement points in Fig. 5.9 represent the measured overlay error with
computational vibration correction using phase interpolation, resulting in a decreased
standard deviation o = 0.8 nm over 25 measurements. This computation vibration miti-
gation using phase interpolation results in a 10 times more precise overlay measurement
in a vibrating environment. In overlay metrology, the precision in combination with tool
induced errors form the overlay accuracy budget. Therefore, a lower overlay precision
directly results in a more accurate overlay measurement. In our DHM setup, the standard
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Figure 5.9: Overlay error as function of time with an applied 140 Hz vibration in the +15¢
reference beam. The black curve represents the uncorrected measurement and the red
curve indicates the vibration corrected measurement.

deviation of 25 overlay measurements without any induced vibrations is also o = 0.8 nm,
which shows that our vibration mitigation method works down to the intrinsic noise floor

of the current setup.
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Figure 5.10: Overlay error as function of time with an applied non-sinusoidal vibration
in the +15¢ reference beam. The black curve represents the uncorrected measurement
and the red curve indicates the vibration corrected measurement.

To verify whether the proposed method also works under more random phase varia-
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tions, we have applied a non-sinusoidal vibration to the DHM system at the frequency of
140 Hz. The overlay error in nanometers as function of time is presented in Fig. 5.10.

The black measurement points in Fig. 5.10 represent the measured overlay error with-
out any vibration correction, resulting in a standard deviation of ¢ = 11.2 nm over 13
measurements. The red measurement points in Fig. 5.10 represent the measured overlay
error with computational vibration correction using phase interpolation, resulting in
a decreased standard deviation o = 0.4 nm over 13 measurements. During this mea-
surement the spot size was deliberately reduced resulting in more light on the overlay
target. This results in a lower intrinsic noise floor of the system. Therefore, the standard
deviation after correction o = 0.4 nm is lower than the standard deviation after correction
from previous overlay measurement (o = 0.8 nm). In addition to accuracy, high through-
put is a key indicator in overlay metrology. This phase interpolation method is not a
limiting factor in DHM-based overlay metrology since it is just a 1D fit. The 2D FFT,
which is always done in DHM-based overlay metrology, has the largest computational
contribution.

5.4.4 Future improvements

As presented in the previous section, computational vibration mitigation using phase in-
terpolation in DHM results in more precise overlay metrology. In order to further explore
this technique, several potential future improvements are proposed in this section.

1. Contrast loss due to coherence length This phase interpolation method does not
take into account contrast loss due to coherence length. Especially, for a relatively
short coherence length of 100 um, vibration with large amplitudes cause additional
fringe washout due to the coherence function. Broadening the coherence function
by using a smaller bandwidth could be a future improvement as discussed in Ref.
[69].

2. Small overlay targets The presented method retrieves one phase value per mea-
sured hologram. This phase value is retrieved from the diffraction order peak in the
Fourier spectrum. In case of a large grating, the diffraction order goes through one
point in the pupil. However, the smaller the object is, the more the signal is spread
over the pupil. In this case pupil field-position dependent phase fit is proposed.
Here, every point in the pupil should have its own vibration correction factor.

3. Sampling rate As discussed in section 5.2 the sampling rate determines the upper
limit of the vibration frequency which can be corrected for using this method. An
improvement in the frame rate of high-speed camera technology in combination
small pixels would benefit this method enormously.

4. Time-variant samples The phase interpolation method presented in this method
is suitable for time-invariant samples. However, several DHM applications con-
sider time-variant samples. Especially, for imaging biological samples this method
is limited.
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5. Phase corrections In our investigation we have demonstrated that our method can
correct for vibration-induced amplitude loss. However, the contrast loss parameter
Ck (Eq. 5.4) is complex-valued so vibration will also affect the retrieved phase. This
can also be corrected with our method and can be a topic of future investigations.

5.5 Conclusion

In conclusion, we have demonstrated a computational vibration mitigation technique
using phase interpolation in digital holographic microscopy. DHM is an interferomet-
ric technique that is inherently sensitive to undesired phase variations between object
and reference beam. Therefore, phase variations during the acquisition time result in
a reduced fringe contrast, which directly leads to erroneous signal level measurements
in the retrieved images. In case of diffraction-based overlay (DBO) metrology this will
lead to overlay errors. We showed experimental results that calculated the amplitude loss
based on phase interpolation between measured phase points retrieved from a sequence
holograms. Using the calculated amplitude reduction, the contrast loss due to vibrations
was corrected per hologram.

In this study, we experimentally showed that the vibration correction resulted in a 10
times improvement in terms of overlay precision. This computational vibration mitiga-
tion concept proves to be a great improvement for interferometric measurements that
have to operate in a vibrationally challenging environment as found in high productivity
manufacturing environments.

63



5 Computational vibration mitigation using phase interpolation

64



CHAPTER 6

FIELD-POSITION DEPENDENT
SPURIOUS APODIZATION

The main objective of this chapter is to present our understanding and findings
on the spurious apodization effects we came across during our dark-field
digital holographic microscopy research. The novelty comes with the use
of quasi-monochromatic light in combination with a wavelength-dependent
focal length of the high-NA imaging lens which leads to a significant field-
position dependent pupil amplitude modulation. The field-position dependent
apodization significantly affects the aberration-corrected point-spread-function.
We will also present additional experimental data that supports our theoretical
understanding. Finally, we will propose solutions that reduce this effect to
acceptable levels.

Published as: T. van Gardingen-Cromwijk, M. Adhikary, C. Messinis, S. Konijnenberg, W. Coene, S. Witte,
J.E de Boer and A.J. den Boef, Field-position dependent apodization in dark-field digital holographic microscopy
for semiconductor metrology, Opt. Express 31, 411-425 (2023)
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6 Field-position dependent spurious apodization

6.1 Introduction

Overlay metrology targets typically have dimensions of about 10 x 10 um? and are often
surrounded by other structures. Due to the finite imaging resolution of the optical sensor,
optical crosstalk can occur where light from the surrounding structures leaks into the
image of the metrology target. This effect can impact the quality of metrology and while
apodization techniques can be used to minimize these errors, a near-perfect aberration-
free imaging performance with a localized point-spread function (PSF) is required. In
Chapter 3, we have already reported about the aberration-correction capabilities of our
digital holographic microscopy (DHM) concept. In this chapter, we will show that in our
DHM concept the finite bandwidth of our light source in combination with a wavelength-
dependent focal length of our imaging lens introduces a field-position dependent spu-
rious apodization that leads to a field-position dependent aberration-corrected PSE A
schematic presentation of the field-position dependent PSF that we observed with our
DHM setup is shown in Fig. 6.1, demonstrating the importance of a well defined PSE

a X<0 b X=0 c X>0

Enhanced side lobes Airy Disk Suppressed side lobes

Figure 6.1: Schematic representation of a field-position dependent amplitude modu-
lated point-spread function. (a) cross section of a PSF at left side of the field (X<0) where
the side lobes are enhanced resulting in more crosstalk and a higher resolution (b) PSF
that we observe in the center of the field (X=0). Here the PSF shape closely resembles an
ideal Airy Disk. (c) cross section of an apodized PSF that we observe at the right side of
the field (X>0) suppressing the high frequencies, resulting in less crosstalk and a lower
resolution.

A gradual broadening of the central peak combined with a strong reduction of the
side lobes is shown from Fig. 6.1 (a) towards Fig. 6.1 (c). In Fig. 6.1 (a), the PSF has a
narrow central peak and strong side lobes. This yields excellent resolution but increased
crosstalk levels. Moving from Fig. 6.1 (a) to (c) through the Field-of-View (FoV), one
clearly observes a gradual broadening of the central peak combined with a strong reduc-
tion of the side lobes. For PSF (c) one would observe a lower resolution but a strong sup-
pression of optical crosstalk. This observed behavior of a field-position dependent PSF is
generally undesired since optical metrology applications usually require a localized PSF
that is constant across the FoV.

In the next section, we present a simple model of the image formation in DHM using
a quasi-monochromatic light source. For the sake of clarity we use some simplifications
in our model. However, despite these simplifications, we can explain the observed field-
position dependent PSE Our analysis also shows that this observation is specific for dark-
field DHM and will not be observed in regular dark-field microscopy. In section 6.3, we
then present additional experimental data that clearly shows a good match between our
model and the observed field-position dependent PSE Moreover, in this section we will
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also show data that explains why a field-position dependency of the PSF can have so
much impact on overlay metrology. We conclude the paper by presenting some solutions
to reduce the field-position dependent apodization.

6.2 Theory

This section presents a simple model that shows that the observed field-position depen-
dent apodization is a consequence of the coherent detection in DHM in combination
with a quasi-monochromatic light source and wavelength-dependent focal length of the
imaging lens.

In our df-DHM concept the object is illuminated under an oblique angle of incidence.
Part of the diffracted light is captured by the imaging lens and coherently mixed with an
off-axis reference beam in the image sensor plane. The intensity on the image sensor is
obtained by integrating over the source spectrum, S(1)

1:[ S0+ RI?dA, 6.1)
0

where O and R are, respectively, the complex amplitudes of the object beam and the
reference beam in the image sensor plane. Since we only consider quasi-monochromatic
light, it is convenient to split A in a central wavelength A, and a small difference AA that
is much smaller than A,

A=Ac+AN. (6.2)

For our off-axis df-DHM concept we only consider, from Eq. 6.1, the term that contains
the coherent coupling between the object field O and the complex conjugate reference
beam R* since the other three terms |O|?, |R|? and O* R are removed in the signal pro-
cessing. This coherent coupling term yields a complex image A; on the image sensor
plane given by

(e 9]
Ai=f S(AL)OR*dAA, (6.3)
—00

where OR* is cross-correlation term that describe the interference between the object
and reference beam. The integration over AA extends from —oo to oo but it is to be
understood that the source spectrum S(A) is narrow (A1 << A.) which bounds the actual
integration limits to a very narrow range. For simplicity we describe the reference beam
in our off-axis df-DHM setup as an infinite plane wave with unit amplitude that is tilted
in the x-direction,

R =exp[—ilkyx+ ;). (6.4)

Fourier transforming A;, Eq. 6.3, and centering the resulting spectrum around the origin
yields a spatial frequency spectrum Agp of the complex object image,
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F{A;} = Agp :f S(AAN)F{Otexpligp1dAA. (6.5)

The Fourier transform F of the object field O is the complex field Egp in the exit pupil
(EP) of the imaging lens. So Eq. 6.5 can be expressed as,

App = f S(AA)Egpexplipr1dAA. (6.6)

The PSF is measured with the use of isolated nano-scatterers [47]. For simplicity we
ignore a possible angle-dependent scattering profile and we assume that the scattered
light generates a uniform unit amplitude |Egp| in the exit pupil. Denoting the phase of
Egp by —¢, yields
o0
Agp = / S expli($r — po)dAA. 6.7)
—00
The phase term in Eq. 6.7 ¢, = ¢ — ¢, depends on AA for two reasons:

1. An Optical Path Difference (OPD) can exist between the object and reference
beams on the camera. It has already been shown by Messinis et al. [69] that the
OPD varies linearly within the FoV of an off-axis dark-field DHM.

For narrow-band light (AAd << A;) an OPD introduces a linear variation ¢, with
A,

¢ro= apAA. (6.8)
In appendix A we will derive an expression for the scale factor a.

2. The focal length of the imaging lens in DHM is wavelength-dependent which leads
to aradial variation of ¢, in the exit pupil that also scales linearly with AA,

GBro = asAA\/1— p2NA?, (6.9)

where p is the normalized radial position in the exit pupil and NA the numerical
aperture of the imaging lens. In appendix B we will derive the expression for the
scale factor ay.

So the spatial frequency spectrum Agp of the measured PSF can be written as a Fourier
transform of the source spectrum,

App(y) = f S(AA)expliyAAldAA, (6.10)

where y is defined as,

Y = ag+ as\/1— p2NA2. (6.11)
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Assuming that the shape of the beam is a narrow-band Gaussian spectrum with a }z
bandwidth of B nm yields

2002
S(AA) = exp —(?) ] (6.12)
The spatial frequency spectrum Agp is then given by,
o0 VAR
App(y) = f exp |— (—) expliyAAldAA. (6.13)
oo B
Evaluating the integral from equation 6.13 yields,
B\2
App(y) = exp |- (Z) Y|, (6.14)

with y as defined in Eq. 6.11. In terms of the normalized pupil plane coordinate p, the
spatial frequency spectrum Agp of the complex object image equals,

B 2 2
\/ 2 2
—(Z) ([Z()+(,l4 l—p NA) .

Note that the above spatial frequency spectrum is a result of interference between the
object and the reference beams. As a result the amplitude variations in the exit pupil
plane are not present in the physical pupil plane and this also explains why this effect
will not be observed in regular dark-field imaging.
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Figure 6.2: Agpp, Eq. 6.15, representing the normalized pupil plane as function of ay and
a4 for a bandwidth of B = 4 nm. Realistic values of ag and a4 for our dark-field DHM
setup are determined using Appendix A and B.

Some examples of pupil plane amplitude distributions Agp, Eq. 6.15, for different
values of linear dispersion ay and chromatic dispersion a, are given in Fig. 6.2.
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6.3 Experimental results

In this section, we will present the experimental results of the field-position dependent
apodization effect. Firstly, we will described the used imaging lens. Thereafter, the ex-
perimental results of the field-position dependent apodization using a point source are
presented. In these experiments we will deliberately change the OPD in a controlled
manner which allows us to validate the model that we presented in the previous section.
Next, we compare the experimental data to the theoretical model presented in section
6.2. Finally, we present measured data to support an explanation why this field-position
dependent apodization is so relevant for overlay metrology.

6.3.1 Imaginglens

The experimental data presented in this section is measured with our df-DHM on a
breadboard setup as presented in Chapter 2 of this thesis. The custom made imaging
lens, manufactured by Anteryon (www.anteryon.com), is a high-NA lens with NA = 0.8
consisting of two lens elements fabricated from a single glass type, where one lens is
an aspherical lens, Fig. 6.3 (a). The lens is manufactured using a replication process
[48, 49] and is fixed in a holder on which the reference beam mirrors are integrated in
such a way that the angle between reference and object beam is optimized. The nominal
focal length of the Anteryon lens at 650 nm wavelength is 7.3 mm. Since the two lens
elements are made of the same material a significant wavelength-dependent focus will
occur, Fig. 6.3 (b), even within the measurement bandwidth. The wavelength-dependent
focus shift at a wavelength of 532 nm equals 0.7 pm/nm. To put this value in perspective,
we can compare it with the Depth of Focus of this lens which equals roughly 0.8 pm at a
wavelength of 532 nm.
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Figure 6.3: (a) A schematic representation of the two element high-NA lens. (b) The
longitudinal focal shift as function of the wavelength.
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6.3.2 Field-position dependent apodization

To experimentally demonstrate the field-position dependent spurious apodization, a
point source illuminates the lens aperture with a spherical wave. This is done by placing
a silicon sample with a nanohole on the target position in the df-DHM. The nanohole
was manufactured using E-beam lithography resulting in a cylinder shaped hole with
a diameter and depth of 100 nm. The nanohole is then illuminated at a wavelength
of 532 nm. The diffracted spherical wavefront is captured by the lens and imaged on
the camera. At camera level the diffracted light from the nanohole interferes with the
coherent reference beam resulting in a digital hologram. Fourier transforming the
camera image yields the spatial frequency spectrum of the hologram. This consists of a
base band term and two side bands. These two side bands are, respectively, the complex
field in the exit pupil and its twin image (complex conjugate and mirrored function).
By taking the absolute value of one selected side band the amplitude Agp in the pupil
plane is obtained. As shown in Fig. 6.4, translating this nanohole point-scatterer across
the FoV results in a change in amplitude distribution in the pupil plane. The light is
homogeneously distributed for a point-scatterer in the center of the FoV. Whereas for the
point-scatterer at the edges of the FoV the light is either centered in the pupil or spread
towards the edge of the pupil as a result of change in OPD. The variation in amplitude
distribution affects the PSE which characterizes the imaging properties such as crosstalk
and resolution as demonstrated in the introduction.

Amplitude pupil plane 1 Amplitude pupil plane 2 Amplitude pupil plane 3

of

Corrected PSF 1 Corrected PSF 2 Corrected PSF 3

C ion PSF 1 1C ion PSF 2 1" ion PSF 3

100 pm

140 pm

Normalized amplitude
o
o

3 3 0 3 -3 i 0 3
X (pm) X (pm) X (pm)

Figure 6.4: The field-position dependent amplitude distribution in the pupil plane,
demonstrated by translating a point-scatterer through the FoV, from position 1 to 3. By
imaging the PSF the effect on crosstalk and resolution is shown.

This effect is clearly visible in a cross section of the isoplanatic aberration-corrected
PSE shown in Fig. 6.4. Here the isoplanatic aberrations have been corrected using the
method reported in reference [47]. For the point source positioned at the left edge of the
FoV, the light is distributed towards the edge of the pupil resulting in enhancement of
the side lobes of the PSE Enhancing the higher spatial frequencies of the PSF increases
the amount of crosstalk. Whereas for the point-scatterer at the right edge of the FoV,
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the light is distributed towards the center of the pupil and thereby suppresses the side
lobes of the PSF (apodization). Suppressing the higher frequencies of the PSF results in
less crosstalk from nearby structures. On the other hand, light filling the edges of the
pupil and enhancing the side lobes results in a narrower center peak of the PSE gaining
resolution. In case of light centered in the pupil, the center peak of the PSF gets broader,
which leads to a lower imaging resolution. So the position within the FoV creates a
certain amount of OPD, leading to a phase shift which results in an amplitude variation.

The field-position dependent OPD shows how the amplitude distribution in the pupil
plane affects the resolution of the imaging system and the crosstalk from nearby struc-
tures around an overlay target. In the next section, we will present the bandwidth depen-
dency of this effect. Furthermore, we use the delay line in our df-DHM setup in such a
way that we can control the amplitude distribution in the pupil plane.

6.3.3 Controlling the amplitude variations in the pupil plane

To further investigate the OPD dependent amplitude variations in the pupil plane, two
wedges (Thorlabs BSF2550) are placed in the reference beam path before coupling the
light into the optical fiber.. Translating one of these wedges allows us to precisely tune
the OPD which changes the ay term that we defined in section 6.2. In addition, we inves-
tigated the bandwidth dependency. As explained in section 6.2, the amplitude variation
is a coherent effect. The coherence length of a source is given by

2In2 A2
Li=———,

T B
where A is the central wavelength and B the bandwidth [70]. The bandwidth of the light
and thereby the coherence length L. can be controlled either by a laserline filter of 1 nm
(Thorlabs FL532-1) or by adjusting the bandwidth with the AOTF to 4 nm or 8 nm at
532 nm wavelength. In this section, we present experimental results on the bandwidth
dependency of the amplitude variations in the pupil plane by controlling the OPD with
wedges. Thereby we are adjusting the linear dispersion in the DHM which equals the ag

term from Eq. 6.15.

From the center position of the wedge the OPD is changed by translating one wedge.
In Fig. 6.5, the measured normalized amplitude distributions in the pupil plane are
presented as function of bandwidth and OPD. The bandwidth has been varied between 1
nm, 4 nm and 8 nm. The OPD is in the range of 32 um, which is of the order of magnitude
as the coherence length for 8 nm bandwidth, L. (B = 8 nm) = 35 pm.

Analyzing the 1 nm bandwidth case, it shows that in the center position of the wedge,
at OPD = 0, the amplitude is homogeneously spread over the pupil plane. Adjusting
the OPD to 16 um the light is slightly more distributed towards the edge of the pupil.
However, this effect is not significantly present at an OPD of 16 pm since it is well within
the coherence length of 88 pm at 1 nm bandwidth. For the 4 nm bandwidth case, the
effect is more significantly visible. The results clearly show that when the OPD is lower,
the light gets distributed into the center of the pupil. Whereas for higher OPDs the light
gets more distributed towards the edge of the lens pupil. The amplitude variations are

(6.16)
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Figure 6.5: The measured normalized amplitude distributions in the pupil plane as
function of bandwidth and OPD. Since the change in the amplitude distribution for the
1 nm case is very gradual, no measurements were taken for the OPD = 8 and OPD = -8
points.

most clearly visible for the 8 nm bandwidth sequence. Here the OPD shift of 32 um is of
the same order of magnitude as the coherence length, L;(B = 8 nm) = 35 pm. The larger
the bandwidth, the more significant the OPD effect is. Moreover, for larger bandwidths,
the amplitude distribution becomes donut-shaped when increasing the OPD. This shape
is a result of chromatic dispersion, the a4 term in Eq. 6.15, dominating the amplitude
distribution.

6.3.4 Comparison of the theoretical model and the experimental data

To compare the experimental data presented in the previous section with the theoretical
model from chapter 6.2, we simulated the expected amplitude distribution as function of
bandwidth and OPD based on Eq. 6.15. The derivations of a4 and ay are described in the
Appendix A and B respectively. The results are presented in Fig. 6.6, where (a) shows the
theoretical amplitude distributions, compared to the measured amplitude distributions
in (b).
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Figure 6.6: The measured normalized amplitude distributions in the pupil plane as

function of bandwidth and OPD, where (a) shows the simulated distributions and (b)
the measured distributions.

6.6 clearly shows that the measurement results are in good agreement with the

simple theoretical model for the three bandwidths. A closer inspection of Fig. 6.6 shows
that there are still some deviations between our simple model and the experiments.
These deviations can be explained by:

1.

The theoretical model assumes that the point scatterer (nanohole) generates a flat
amplitude distribution, as described by Eq. 6.7. However, this is not necessarily
true. Any angle-dependent scattering profile from the nano-scatterers could cause
a deviation between the theoretical model and the measurements.

In the model we assumed a Gaussian spectrum for simplicity reasons. But in prac-
tice the real spectrum may not have a Gaussian shape.

. The bandwidth of the source is measured with a commercial spectrometer having

a resolution of 2 nm, which results in some uncertainty in the measured value for
the bandwidth used in the simulation.

. Due to Fresnel reflection losses at the edges of the two lens elements in our high-

NA lens, amplitude losses at the edges of the exit pupil are expected but not covered
in the theoretical model.

The four reasons described above potentially explain the small mismatch between
the experimental data and the theoretical model. To improve the model we could, for
example, measure the spectrum and thereby its spectral shape and bandwidth more
precisely. We will elaborate on this idea in Chapter 7 of this thesis.
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6.3.5 Relevance for overlay metrology

After having demonstrated the field-position dependent apodization, we will now show
why this is relevant for a metrology application like overlay metrology. The overlay error
between two semiconductor layers is measured as an intensity difference between the
+1% and —1%t diffraction orders that are diffracted by a small grating that is used as an
overlay metrology target. These orders are generated by 2 beams that illuminate the
target from opposite sides at an oblique angle. Using opposite illumination beams results
in an OPD variation in the image field that runs in opposite directions for the +15 and
—1% order holograms on the camera. According to the theory presented in section 6.2,
this results in a field-dependent spurious apodization that varies in opposite directions
for the +1°%' and —1% order images. This is clearly visible in Fig. 6.7 which shows the
measured variation of the PSF for different field positions along the x-direction. These
results were obtained at a wavelength of 532 nm and a bandwidth of 8 nm. For the sake
of clarity we have also included the amplitude distribution in the exit pupil that we have
obtained by back-propagating the measured PSFs.
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Figure 6.7: Measured PSF and pupil amplitude distribution as function of position in the
field for the +1% and —1%! imaging branches in our df-DHM setup. These results were
obtained at a wavelength of 532 nm and bandwidth of 8 nm.
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In practice, overlay targets are often surrounded by patterns like device structures or
other metrology targets. These patterns also diffract the incident illumination beam
resulting in a dark-field image of these patterns alongside the dark-field image of the
overlay target. Due to the finite resolution of the optical sensor, optical crosstalk from
this adjacent pattern leaks into the image of the overlay target as schematically shown in
Fig. 6.8.

This crosstalk will impact the measured signal level in the Region-Of-Interest (ROI)
inside the metrology target. Due to the opposite PSF variation inside the image field this
impact is different for the +1% and —1% order images. This effect may seem small but
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-1%t order dark-field image - =ROI +1%t order dark-field image -+ =ROI

adjacent pattern OV target adjacent pattern OV target

OPD - + oPD+ -

Figure 6.8: Cartoon drawing of the —1' and +15¢ order images of the overlay target that
is adjacent to an image of a neighboring structure. For clarity, the x-direction and the
direction of the OPD are indicated, showing that the OPD runs in opposite directions
for the —1° and +1°¢ order images. The —1%* and +1°¢ order signal levels that are used
for the overlay determination is given by the integrated signal levels in the Region-Of-
Interest (ROI) that is marked by the red dotted square.

in order to achieve sub-nanometer overlay metrology precision one needs to measure
intensity differences between the +1% and —1%t diffraction order with a relative precision
of the order of 10~% [26]. For these extreme measurement requirements, even small
variations in the PSFs can significantly affect the actual overlay measurement. A proper
understanding of the field-position dependency of the PSF and the possible solutions is
therefore vital.

6.4 Proposed solutions

As presented in the previous section, the field-position dependent apodization affects
the overlay metrology accuracy. In order to minimize this effect or correct for its impact
on the image formation, several solutions are proposed in this section. To begin with
three different hardware solutions:

1. Achromatic design with additional lens elements: In order to compensate for
the strong wavelength-dependent focal length, one could add additional lens ele-
ments to (partially) correct for a wavelength-dependent focus variation. However,
adding more lens elements leads to more light losses due to reflections at the glass-
air interface. Since we intend to use our DHM over a very large wavelength range
from visible to shortwave infrared we cannot use anti-reflection coatings [71]. It is
therefore preferred to keep the number of lens elements to an absolute minimum.
More lenses lead to more glass-air interfaces which leads to more light loss and
therefore lower intensity levels.

2. Low dispersion lens material: Another approach would be to use lens material
with lower dispersion, such as CaF, that has an Abbe number of V; = 94.99. The
field-position dependent apodization will then be minimized in this case. How-
ever, such a low dispersive material generally has a low refractive index. Realizing
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a high-NA lens with only 2 CaF; lens elements would lead to an unrealistically high
lens curvature.

3. Narrow bandwidth: In this paper we presented the bandwidth dependency of the
amplitude variations, showing that the broader the bandwidth the stronger the
field-position dependent amplitude variations. The use of a small bandwidth is a
potential hardware solution to address these field-position dependent amplitude
variations. However, for best possible performance, overlay metrology needs a
light source with a tunable wavelength [72-74] so a supercontinuum source is often
preferred. The consequence of reducing the bandwidth with such a source is a
reduction in optical power which limits the capability to measure on weak overlay
targets.

From the description above it is clear that all these hardware solutions have limitations
and will lead to trade-offs in terms of available optical power or achievable wavelength
range. Therefore, a desired optimal solution would logically be a software correction
measure, where computational correction for the field-position dependent amplitude
variations in the pupil plane can be applied.

Computational correction: A software solution could be based on existing field-position
dependent aberration correction algorithms [44], as discussed in Chapter 3 of this thesis.
A similar approach could be used for our case, since the coherent imaging regime of
off-axis holography is likewise described in terms of a linear imaging system, but this the
measured image field is obtained from the sideband of the hologram. The computational
correction for field-position dependent apodization as addressed in our paper can be
seen as a natural extension to the 4D-aberration correction approach as proposed in
[44]. For that, the field-position dependent phase modulation due to the 4D-aberration
function in the pupil plane will be extended with a field-position dependent amplitude
modulation in the same pupil plane. This would allow a correction of the field-position
dependent apodization without any hardware limitations.

6.5 Conclusion

In conclusion, we have demonstrated that in our df-DHM concept the finite bandwidth
of the light source in combination with a wavelength-dependent focal length of the high-
NA imaging lens leads to a significant field-position dependent spurious apodization
that significantly affects the aberration-corrected PSE

We have first presented field-position dependent measurements on PSFs to clarify the
effect that pupil plane amplitude variations have on the crosstalk and resolution of the
imaging system. Light distributed toward the edge of the pupil resulted in enhancement
of the side lobes of the PSE leading to more crosstalk and an increase in resolution.
Whereas a centered amplitude distribution results in suppression of the side lobes, lead-
ing to crosstalk reduction and a lower resolution.
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6 Field-position dependent spurious apodization

During the investigation we controlled the effect using wedges and thereby changing
the linear dispersion in the imaging system. Moreover, we demonstrated our under-
standing of the observed field-position dependent apodization by comparing a simple
theoretical model with experimental data. The expectations from the model matched
our measurements properly with a small deviation presumably coming from the illumi-
nation spectrum not being perfectly Gaussian.

Thanks to this investigation we gained a deeper understanding of the phenomenon
that impacts the image formation in our df-DHM concept. Based on our understanding
and experiments we have presented an explanation why this effect is relevant for overlay
metrology and we have proposed various solutions to mitigate this spurious apodization
effect. We have come to the conclusion that a computational correction is the most
preferred solution direction. A next step in this investigation will be to computationally
correct for the amplitude variations in the pupil plane which brings us a step closer
toward a df-DHM as a precise overlay metrology tool in semiconductor industry.

Appendix A. Derivation of linear dispersion a,

The term ag represents the linear dispersion in our df-DHM setup. The linear dispersion
originates from the delay line, the wedge and the field-position dependence. The optical
path length (OPL) for, respectively, the object beam and the reference beam are given by,

OPL, = L,, (6.17)
OPL, =L, +(n(V) -1 Ty, (6.18)

where L, and L, are the path lengths for, respectively, the object beam and reference
beam through air, T, is the glass thickness of the tunable wedges and n is the
wavelength-dependent refractive index of the wedges. The phase difference between
the object and reference beam at camera level can now be described by the following
equation,

2
P = Tﬂ((n(/l)—l) Tw+Ly—Lo). (6.19)

Since we consider quasi monochromatic light with a central wavelength A, and a small
wavelength variation A1 around the central wavelength: A = 1.+ A, we can approximate
Eq. 6.19 by the following linearization,

3 dn
PAc+AL) =271 A_C_A_E nc—1+ﬁA}L Tw+Lr—Ly|, (6.20)
where n, is the refractive index for the central wavelength A.. Expanding Eq. 6.20 and

defining the tunable OPD at the central wavelength as OPD. = (n.—1) T}, + L, — L, yields,

1 A/l)

Ae+A1) = 20PD —ZH(OPD “AT d”)AA—zn(M)Z dn . 6.21)
e T A C a2 ) Ac) ar™” '
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The last term on the right-hand side is negligibly small for the several tens of microme-
ters glass we add to the reference path and the bandwidth of a few nanometers that we
normally consider. The 2nd term on the right-hand side of this equation is the ay term
that gives rise to the linear dispersion:
2m dn

ap = —/1—% OPD.- A, Twﬁ . (6.22)
The ay term from Eq. can be tuned to 0 by either adjusting the delay line or the wedges. In
this paper we adjusted the wedge which leads to a aq shift of 0.91 nm~! when translating
the wedge by 1 mm at a wavelength of 532 nm.

Appendix B. Derivation of chromatic dispersion a,

The a, term represents the chromatic dispersion of the imaging lens which causes a
wavelength-dependent defocus AF. The optical path difference (OPD) at a normalized
radial position p in the exit pupil, introduced by this small defocus of the object AF,

equals
OPD = AFy/1-NA?p2, (6.23)

The OPD described in Eq. 6.23 results in a phase variation which equals,

OPD
o) = 27'[T, (6.24)

where A is the wavelength. The phase shift with respect to the wavelength, can be deter-
mined by differentiating Eq. 6.24 yielding,

d 1 dAF  AF
— =2m| = —— - —|1/1-NA?p?, 6.25
ar ”(A ar /12) p (6.25)
1 dAF AF

where ZH(EW - —) represents the chromatic defocus. Since the quadratic defocus

A2
term i—f is negligible small compared to the linear defocus term %% we obtain the

following Eq. for ay

oL GAF (6.26)
ag =2m———. .
4 Ao dA

For the custom made high-NA imaging lens we have a wavelength-dependent focus shift
of approximately 720 nm/nm at A = 532 nm. This yields a value of a, =~ 8.5 nm™".
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CHAPTER 7

COMPUTATIONAL CORRECTION OF
SPURIOUS APODIZATION FOR
ARBITRARY SPECTRAL SHAPES USING
A FOURIER-TRANSFORM
SPECTROMETER

The use of quasi-monochromatic light in digital holographic microscopy can
lead to spurious apodization effects. The resulting image degradation can be
computationally corrected for this effect if the spectrum of the light source
is known. Here, we present a simple Fourier-transform spectrometer that
accurately measures the spectrum of a quasi-monochromatic light source. This
spectrometer is conceptually simple, low-cost and has no moving parts which
makes it very suitable for in-line calibrations of the spectral shape of a light
source in a metrology tool. We will present measured spectra, obtained with
this spectrometer, and we will show how these spectra can be be used to
computationally correct for spurious apodization effects.

Published as: J. Kim, T. van Gardingen-Cromwijk, M. Noordam, J.E de Boer, Y. Kang, C. Park and A. den
Boef, Correcting spurious apodization effects in digital holographic microscopy using a simple Fourier transform
spectrometer, Opt. Continuum 4, 382-395 (2025)
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7 Computational correction of spurious apodization for arbitrary spectral shapes using
a Fourier-Transform spectrometer

7.1 Introduction

In the previous chapter, the spurious apodization effect was demonstrated based on
measured point-spread functions (PSFs) of the dark-field digital holographic microscope
(DHM) system. Fig. 7.1 (a) and (b) show two examples of this study where the variation in
amplitude distribution affects the PSE which characterizes the imaging properties such
as crosstalk and resolution. The desired PSF for our imaging system has a homogeneous
amplitude distribution, resulting in an Airy disk in the image plane [75]. This pupil am-
plitude distribution and PSF are presented in Fig. 7.1 (c), and obtained by measuring with
a 1 nm bandwidth filter. However, due to photon budget and a ideal coherence length
of approximately 150 pm, quasi-monochromatic light is required in DHM for overlay
metrology, resulting in spurious apodization.

A Amplitude pupil plane 1 b Amplitude pupil plane 2 C Amplitude pupil plane 3

Amplitude PSF 1 Amplitude PSF 2 Amplitude PSF 3 i

Figure 7.1: (a) and (b) are two examples on the spurious apodization effects, where
the measured amplitude distribution affects the imaging quality of the imaging system,
demonstrated by the PSE which was illuminated using a Gaussian spectral shape. [76]

Fortunately, this spurious apodization effect can be computationally corrected pro-
vided that we know the spectral shape of the light source. In the previous Chapter (Ref.
[76]), a Gaussian shape was assumed but there are plenty of cases where this assumption
is not valid. For example, the quasi-monochromatic light generated by a supercontin-
uum source with an Acousto-Optic Tunable Filter (AOTF) can have a spectrum that sig-
nificantly deviates from a Gaussian shape [77-80]. Therefore, the spectral shape needs to
be accurately measured for the best possible computational correction of the spurious
apodization.

The Fourier-Transform (FT) spectrometer, that we will present in this chapter, is ideally
suited to measure the spectral shape of quasi-monochromatic light over a large range
of wavelengths.Compared to conventional FT spectrometers, our FT spectrometer has
no moving parts, is compact, low cost and can be calibrated with only one wavelength.
Due to its simplicity and lack of moving parts, it can potentially be fabricated as a pho-
tonic integrated circuit, thereby minimizing the spectrometer’s footprint. These features
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make it an attractive option for overlay metrology using DHM. Here, the required sub-
nanometer metrology precision drives the need for near-perfect imaging conditions over
a large range of wavelengths. The disadvantage of this FT spectrometer concept is that
the OPD range limits the spectral resolution. For the application of overlay metrology the
spectral resolution is far below what is needed, but for other application this might be a
disadvantage.

In this chapter, we present details on our FT-spectrometer concept, along with a de-
scription of a simple setup that we build for experimental validation. We will explain the
concept and show experimental validation of this spectrometer. Finally, we will show
how our FT-spectrometer is able to correctly predict spurious apodization in a DHM
setup using light with a strong non-Gaussian spectral shape. We will use this spectrum-
based calculation to correct the point-spread function of our DHM setup.

7.2 Theory and System Design

7.2.1 Concept FT-spectrometer

Our FT-spectrometer method is similar to the well-known Young’s double-slit experi-
ment [81] and is conceptually shown in Fig. 7.2 [82]. The two pinholes have a separation
2d and are placed along the x-axis. These pinholes are both illuminated by the same light
source S. The light transmitted by the two pinholes propagate as diverging spherical
waves that will overlap and interfere on the image sensor. There is a significant non-
linear relation between the optical path length difference (OPD) of the two pinholes (x, )
position on the image sensor which is illustrated with the curved fringes in Fig. 7.2.
However, this non-linear relation is well-defined and can be corrected. After a simple
non-linearity correction, followed by a Fourier Transform of the interferogram we obtain
the source spectrum.

7.2.2 Theory

In this Fourier-Transform spectrometer concept, the two spherical waves generated by
the two pinholes interfere with each other at the camera sensor. The complex fields from
the two pinholes can be expressed as,

Esy =V Is(k)v/ L1 (x, y) exp [-i2mtk Loy (x,y )], (7.1)

where —1 and +1 represent the left and right pinhole respectively, Is (k) is the source
intensity at wavenumber k = 1/A and 14, (x, y) describe a slowly varying relative intensity
variation across the camera plane due to angle-dependent scattering from each pinhole.
L., is the optical path length from each pinhole to a position (x, y) on the image sensor.
The total intensity distribution on the image sensor is obtained by integrating over the
entire source spectrum, given by
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Figure 7.2: Conceptual sketch of our FT-spectrometer. A light source S illuminates the
two pinholes that generate two spherical waves that interfere on the image sensor. For
the sake of clarity, the fringe density on the image sensor and its non-linear variation,
due to the non-linear optical path length different (OPD), is shown highly exaggerated.

I(x,}’)=j(; |E+1+E—1|2dk=j(; Is (k)

Loy + Ly +2y/T1 L1 cos (27tkOPD (x, )| dk.

(7.2)
The optical path difference is given by OPD = L,; — L_;. In our setup, we eliminate the
weak angle-dependent diffraction by also measuring the two fields on the image sensor
separately. This allows us to obtain a background-free normalized interference signal,
given by

In(x,y) :fo Is (k) cos [2mtkOPD (x, y) | d k. (7.3)

In Eq. 7.3, the OPD variation across the camera location (x, y) is given by:

OPD:\/(x+d)2+y2+H§—\/(x—d)2+y2+H2, (7.4)

where the Hj is the distance from the pinhole plane to the image sensor and 2d is the
two pinholes spacing. In practice, the distance Hy is much larger than the image sensor
dimensions and pinholes spacing. Using the Taylor approximation v1+a =1+ (a/2) -
(a®/8) the OPD can be expressed as:

x——=x". (7.5)

As shown in Fig. 7.2 and expressed in Eq. 7.5, a linear relation between OPD and the x-
position on the camera sensor is obtained near the center of the image sensor. However,
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for large x-values a third order distortion becomes significant. Moreover, the OPD scaling
is also weakly y-dependent.

The OPD expression of Eq. 7.5 assumes that the image sensor plane is perfectly aligned
relative to the two pinholes. In reality, the image sensor can be slightly decentered over
a distance Sy and Sy, in, respectively the x- and y-direction. Moreover, the image sensor
plane can also be tilted over small angles 6 and 6, around the x- and y-axis. Finally, the
two pinholes can be slightly rotated over a small angle a around the z-axis. These small
misalignment’s create additional OPD variations across the image sensor area. Combin-
ing all misalignment terms, the optical path length for each individual pinhole can be
expressed as,

Li = \/(xid+sx)2 +(yxad+Sy)’ + (Ho+x0y + y0;)° (7.6)

Here, we assume that angular misalignment’s are sufficiently small to use the well-known
small angle approximation sin(a) = a, cos(a) = 1. These misalignment’s in the setup
can degrade accuracy and resolution of our spectrometer concept and must therefore
be taken into account. The terms Sy, 0y, and @ can be calibrated and included in
the correction of the non-linear OPD variation across the image sensor plane. The cal-
ibration of Hy, d and the parameters that describe the small sensor misalignment’s, Sy,
Sy, Bx, 8y and « is done with a simple model-based iterative technique that needs only
one accurately known wavelength (e.g. a HeNe laser) to determine the misalignment
parameters. A detailed explanation of the calibration method using a HeNe source is
presented in Appendix A.

7.3 Experiment

7.3.1 Experimental setup

In this section, we will describe the experimental setup used in this study. Fig.7.3 (a)
shows a schematic drawing of the setup that was built to evaluate our FT-spectrometer
concept. Light from a source is collimated with achromatic lens L1 (Thorlabs ACT508-
200-A-ML, =200 mm) and is sent to a regular Michelson interferometer configuration
consisting of beam splitter (BS) and two mirrors (M3 and M4). These mirrors are tilted
over an angle of approximately 0.48° resulting in two reflected beams that have opposite
tilts.

Achromatic lens L2 (Thorlabs AC508-100-A-ML, F=100 mm) focuses these tilted beams
on the two pinholes that have a diameter of 5 pm and a separation 2d of 4 mm. These pin-
holes were made in a 300 nm thick Chromium film on a glass substrate using a focused
ion beam. The pinholes act as a spatial filter that improve the beam quality resulting in
two well-defined diverging spherical beams that travel from the pinholes over a distance
Hy (= 126 mm) towards the camera (Basler boA8100-16cm CoaXPress) that records the
interference between the two spherical waves. The camera has an Onsemi XGS 45000
image sensor with a global shutter and 8192 (x-direction) x 5468 (y-direction) pixels with
a pixel pitch of 3.2 ym. The HeNe laser source (Thorlabs HRS015B) shown in Fig. 7.3 (a)
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Figure 7.3: (a) Schematic representation of the two pinhole FT-spectrometer setup. (b) A
measured interference pattern on the camera sensor.

is used to calibrate our FT-spectrometer. Further details of this calibration method are
presented in the next section. The other source in Fig. 7.3 (a) is a white light supercon-
tinuum source (LEUKOS ROCK400-5) with two acoustic optical tunable filters (AOTF’s)
for wavelength selection covering the visible to near infrared wavelength range. Fig. 7.3
(b) shows an example of a measured interference pattern of the HeNe-laser calibration
source before correction of the individual beam profiles. This setup is especially suited
for high-brightness sources with a finite bandwidth like supercontinuum sources in com-
bination with AOTF’s that are used in our research on DHM for metrology applications.

7.3.2 Non-linearity correction method

Due to the non-linear OPD, described in section 7.2.2, the intensity of the interferogram
is not purely sinusoidal but has multiple frequency components, as illustrated using a
simulation in Fig. 7.4 (a). Performing a Fourier transform over such a non-sinusoidal
interferogram results in a broad undefined spectrum, as shown in Fig. 7.4 (d), indicated
in red. Linear interpolation is used to linearize the sample of the OPD, as shown in
Fig. 7.4 (b). Here, the non-equidistant dashed lines above represent OPD values that
correspond to the pixels at location x in the detector array. The dashed lines below
represent the OPD after linear interpolation. This non-linearity correction is performed
in MATLAB using the standard interpolation function "interpl" with a spline fit. The
interpolated interferogram now has a single frequency component as illustrated in Fig.
7.4 (c). The corresponding Fourier transform of this interpolated interferogram then
results in a single-peak spectrum as shown with the blue curve in Fig. 7.4 (d).

To apply this non-linearity correction the system parameter are experimentally cali-
brated with a HeNe source. This calibration is presented in Appendix A. The non-linear
correction method will be validated experimentally in the following section where we
present the experimental results of this FT-spectrometer.
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Figure 7.4: Schematic illustration of the non-linearity correction using pixel interpola-
tion. A simulation using Eq. 3 and Eq. 4 of the non-linear interference pattern (a) is
linearized using non-linear sampling of the pixels (b) resulting in a linear interference
pattern (c). (d) The Fourier transform of the linear and non-linear interference pattern
in blue and red respectively.

7.4 Results and discussions

Here, we verify the calibration by measuring the spectrum of a known bandwidth filter.
We present first experimental data on the accuracy of the measured spectrum and show
that our spectrometer can cover a large wavelength range. Finally, we will show how our
FT-spectrometer is able to correctly predict spurious apodization in a DHM setup using
light with a strong non-Gaussian shape. We will use this spectrum-based calculation to
correct the PSF of our DHM setup.

7.4.1 Validation of calibration quality

After calibrating the system using a HeNe source and following the procedure as pre-
sented in Appendix A, the calibrated parameters are now used to correct the non-linear
OPD variation in a spectrum measurement. To verify the calibration parameters, a 532
nm color filter with a 1 nm bandwidth is measured. From the non-linear corrected inter-
ferogram, each horizontal line can be Fourier-transformed resulting in a spectrum of the
light source, as shown in Fig. 7.5 (a). Therefore, also the consistency over the y-axis has
been experimentally verified as presented in Fig. 7.5 (b).

The retrieved central wavelength is equal to 532.0 + 0.1 nm and the measured FWHM is
1.3 nm. The spectral resolution of this FT spectrometer with 8192 number of pixel in one
line is 0.4 nm. The coherence length is proportional to L, = g—i, which in our system is
represented by the maximum OPD range. So, we can approximate the OPD range as OPD
= ﬁ—i. Therefore, the spectral resolution of our FT spectrometer is approximately equal to

AL = %ED. With a measured wavelength of 532 nm and a OPD ranging from -400 to 400

pm, this results in a spectral resolution of A = O'ggg'z -10% = 0.4 nm. Fig. 7.5 (b) shows the
error of the retrieved central wavelength for a source with a 532 nm wavelength. The error
is defined as the difference between the retrieved wavelength and the color filter 532
nm. Fig. 7.5 (b) shows that for most horizontal lines in the corrected interferogram array

(the range of -3<y<8 mm) the retrieved central wavelength runs very smoothly with low
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Figure 7.5: (a) Retrieved spectra using middle row of the interferogram after non-
linearity correction. (b) Measured error of the retrieved wavelength as function of y-
position for a 532 nm source.

noise per interferogram line. The error slightly increases towards y = -8 mm which can
be attributed to the larger AOPD residuals that were observed in the top left image of the
interferogram during the calibration, caused by spherical aberrations. These spherical
aberrations could be caused by the relatively large diameter of the pinholes. A potential
solution for this problem is described in section 7.5.

Next, the quality of our calibration methods was tested using a supercontinuum
source equipped with two AOTF’s (A and B). With these two AOTF’s we generated
quasi-monochromatic light in the range of 450 nm to 950 nm with 50 nm steps. For
each programmed wavelength the central wavelength was measured using our FT-
spectrometer.
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Figure 7.6: (a) Measured wavelength error of our FI-spectrometer as a function of
wavelength. The wavelengths of 450 nm — 650 nm were generated with AOTF-A and the
wavelengths of 650 nm — 950 nm were generated with AOTE-B.

The results of this wavelength range experiment are shown in Fig. 7.6. The FT-

spectrometer shows small errors well below 1 nm over a wavelength range of 450 nm
to 950 nm. So with one calibration wavelength our FT spectrometer can accurately
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measure over a broad wavelength range. Lastly, the results presented in Fig. 7.6 were
obtained without readjusting optical elements as we changed the wavelength from 450
nm to 950 nm.

7.4.2 Computational spurious apodization correction

In DHM for overlay metrology, the spectral shape is determined by the acoustic optical
tunable filter (AOTF). These AOTFs are commercially available, affordable, and offer fast
color switching, making them suitable for high-throughput measurement applications,
like overlay metrology. However, the complex non-linear acousto-optic interaction be-
tween the propagating optical and acoustical waves [83, 84] can result in spectral line
shapes that significantly deviate from the more common Gaussian or tophat-shaped
filters. In coherent imaging systems such a non-Gaussian spectral line shape could result
in spurious apodization effects affecting the image quality, as described in Ref. [76].
Here, the amplitude distribution in the pupil plane is directly related to the spectral
shape. Therefore, accurate knowledge of the spectral characteristics of the illumination
light source is required, and can allow for computational correction of this spurious
apodization in DHM.

In this section, we will use our FT-spectrometer setup to measure the shape of the
spectral transmission of an AOTF in more detail. The spectral shape of the AOTF depends
on the wavelength and RF driving power. Variations in spectral shapes with different
RF powers in an AOTF arise from non-linearity in acousto-optic interaction. Increasing
the RF power amplifies the acoustic wave, affecting diffraction efficiency and the Bragg
condition, which results in wavelength dependence. Moreover, material properties also
behave non-linearly with RF power. In combination with localized heating from higher
powers that alter the refractive index, this results in spectral shape which are highly
dependent on wavelength and RF power [77-80]. Fig. 7.7 shows the main findings of the
AOTF characterization. The spectral shape is measured for programmed wavelengths of
550 nm (a-d), 650 nm (e-h) and 750 nm (i-1) with four different drive powers (4000, 5000,
6000 and 7000 mW). Especially at the longer wavelength (750 nm) we see that the spectral
shape deviates significantly from the desired Gaussian or top hat shape. Moreover, the
shape highly depends on the RF-drive power.

In Ref. [76] it was presented that the finite bandwidth of the light source in combina-
tion with a wavelength-dependent focal length of the imaging lens leads to a significant
field-position dependent spurious apodization in our DHM setup. This significantly af-
fects the aberration-corrected PSF in the DHM tool for overlay metrology. In that study, it
was demonstrated that this spurious apodization, coming from an inhomogeneous am-
plitude distribution in the pupil plane, depended on the finite bandwidth of the source
spectrum. In Ref. [76], for simplicity reasons, the spectral shape was assumed to be
Gaussian. However, as shown in Fig. 7.7, the output spectrum of an AOTF is not a perfect
Gauss-function and is highly dependent on wavelength and RF driving power [77-80].
Therefore, an accurate in-line spectrum measurement is important to allow a compu-
tational apodization correction to the levels of accuracy that is needed for demanding
metrology applications. Such spectrum measurement can then be used to calculate
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Figure 7.7: Measured spectral transmission of our AOTF for 3 different wavelengths (a-d)
550 nm, (e-h) 650 nm and (i-1) 750 nm) for different radio-frequency (RF) drive powers
(4000, 5000, 6000 and 7000 mW).

the amplitude variation in the pupil plane and computationally correct for it. Fig. 7.8
demonstrates this approach with experimental results. Here, a silicon sample with a
nanohole, diameter 200 nm and depth 100 nm, is illuminated resulting in a scattering
point source. The point source illuminates the lens aperture with a spherical wave. In
case of a very narrow bandwidth (B < 1 nm), the amplitude in the exit pupil plane is a
homogeneous distribution. For comparison, a measured pupil amplitude distribution of
a 1 nm bandwidth filter was presented in Fig. 7.1 (c).

However, when illuminating the nanohole with an non-Gaussian AOTF spectrum, Fig.
7.8 (a), the measured pupil amplitude is a non-homogeneous distribution, as shown
in Fig. 7.8 (b). As described in Ref. [76], the amplitude in the exit pupil plane can be
expressed as,

Agp(y) = f S(AA) expliyAAIdAA, (7.7)

where S(AA) is the source spectrum and y a dispersion parameter. Using this expres-
sion the expected pupil amplitude distribution can be calculated based on the measured
spectrum. The calculated pupil amplitude, using the measured spectrum (Fig. 7.8 (a)),
is presented in Fig. 7.8 (c). A computational correction of the non-homogeneous pupil
amplitude caused by spurious apodization is then performed by dividing the measured
pupil amplitude by the calculated pupil amplitude,
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Figure 7.8: Experimental correction of spurious apodization in DHM using the measured
spectrum. (a) The measured non-Gaussian AOTF spectrum. (b) The measured pupil
amplitude distribution. (c) The calculated pupil amplitude distribution based on the
measured AOTF spectrum. (d) The residual amplitude distribution by subtracting (c)
from (b). (e) and (f) show a x- and y- cross section of the residual amplitude, respectively.

Acor = (7.8)

The residual amplitude, i.e. the difference between the calculated Acge and Ameas is
presented in Fig. 7.8 (d). Here, homogeneity in the amplitude distribution significantly
improved after correction. Some residual amplitude variations are present caused by a
small mismatch between the measured amplitude Apeas and the calculated amplitude
Acale- This mismatch is mainly related to the scattering profile of the nanohole. This
scattering profile is observed in Fig. 7.8 (b) as slightly more light in the right half of
the pupil plane. This asymmetry is present in the x-direction, as shown in the x-cross
section in Fig. 7.8 (e), but is not present in the y-direction, as shown in the y-cross
section in Fig. 7.8 (f). In the y-direction, our calculated amplitude distribution matches
the measured amplitude distribution very well. The nanohole’s used in this study have
a diameter of 200 nm, measured with a center wavelength of 532 nm. For a nanohole to
scatter a perfectly spherical wavefront, the diameter should be much smaller than the
measurement wavelength. In this study, the diameter of the nanohole is relatively large
compared to the wavelength. Therefore, the scattering profile is not perfectly spherical
but has some angular dependence in the x-direction. A smaller nanohole makes the
scattering profile more symmetrical resulting in less residual artifacts. However, the
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smaller the nanohole the less light is scattered, resulting in more photon noise in the
signal. Therefore, in this study a diameter of 200 nm was chosen accepting the imperfect
scattering profile.

Back-propagating the measured and corrected complex-valued pupil planes to the
image plane using an inverse Fourier transform, results in the PSF amplitude presented
in Fig. 7.9 (a) and (b), respectively. The spurious apodization lead to broadening of
the sidelobs of the PSF as shown in Fig 7.9 (a). Correcting the pupil amplitude to a
homogeneous amplitude distribution based on the source spectrum, results in a Airy
disk function as shown in the Fig. 7.9 (b). Fig. 7.9 (c) shows the cross section of (a) and
(b) compared to the theoretical Airy disk function. There is a small mismatch visible
between the corrected PSF cross section (red) and the theoretical cross section (black),
which can be explained by the scattering profile of the nanohole as discussed earlier.
Nevertheless, the accurately measured spectrum using our FT-spectrometer, allows for
computational correction of the spurious apodization effect in DHM.
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Figure 7.9: The resulting PSF in the image plane before (a) and after (b) correction of
spurious apodization in DHM using the measured spectrum. (c) shows the cross section
of the uncorrected PSF (blue) and the corrected PSF (red) with respect to the theoretical
Airy disk (black) and on logarithmic scale in (d).

92



7.5 Future improvements

7.5 Future improvements

Future improvements: In this section, we will discuss the current limitations of the exist-
ing FT spectrometer setup and future improvements.

1. Aberration minimization: The main limitation of the current setup are aberra-
tions caused by the relatively large pinhole diameter of 5 micrometer, which de-
grade fringe quality. As a future improvement, we plan to measure with smaller
pinholes. A 1-micrometer pinhole would transmit a less aberrated wavefront, po-
tentially enhancing fringe pattern quality. Additionally, developing an OPD model
that accounts for aberrations would allow calibration of these effects as a system
parameter, further minimizing their impact.

2. DHM implementation: In this study, the concept was experimentally validated
using a PSF measurement. As a next step, we aim to measure an actual overlay
target and enhance overlay retrieval through computational correction of spurious
apodization. Thus far, spectral shape and PSF measurements were conducted se-
quentially. For overlay measurements, simultaneous spectrum and overlay target
acquisition would be more advantageous. Fig. 7.10 illustrates a potential imple-
mentation of the FT spectrometer within the df-DHM setup.
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Figure 7.10: A schematic representation of the FT spectrometer concept implemented in
our df-DHM setup. (a) The beamsplitting part where the FT spectrometer is connected.
The source can be changed from the supercontinuum source to the HeNe source for
calibration purposes. The beams are guided via polarization maintaining single mode
fibers to the sensor head (b).

3. Precision study: The spectral resolution of 0.4 nm achieved with our FT spec-
trometer concept is currently limited by the OPD range and the finite number of
pixels. The demonstrated sub-nm resolution is sufficient for various metrology
applications, including semiconductor optical metrology tools. In our work, the
number of pixels was constrained to 8192, but advances in image sensor technol-
ogy are expected to provide sensors with more and smaller pixels, enabling further
resolution improvements. Once higher resolution is achieved, a precision study
with a detailed error analysis across the entire wavelength range would be valuable.
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Implementing these future improvements will overcome current limitations, enhance
spectral resolution, reduce aberrations, and streamline measurement processes, ulti-
mately advancing the capabilities and accuracy of the FT spectrometer.

7.6 Conclusion

In this study, we have presented a simple and accurate spectrometer based on two inter-
fering spherical beams. The FT-spectrometer can be calibrated using only one reference
wavelength, while still accurately measuring over a large wavelength range. Moreover,
our model-based calibration method is simple and robust against misalignment of the
few parts in our FT-spectrometer. The sub-nm spectral resolution that we have demon-
strated is sufficient for various applications including semiconductor optical metrology
tools. We concluded the study with experimental work on spurious apodization correc-
tion using the measured spectrum in DHM for overlay metrology.

Appendix A : System parameter calibration

The calibration of Hy, d and the parameters that describe the small sensor misalign-
ment’s, Sy, Sy, 0y, 0, and a is done with a simple model-based iterative technique that
is already well-established in semiconductor metrology applications like optical CD
metrology [85]. Fig. 7.11 presents a flow chart of our model-based calibration method.

measured initial
interferogram . modeled parameter
from HeNe laser interferogram estimates
» 3) updated
parameters
1

determine mean-squared OPD error:

IOPDmmiel - O":.Dmeasuredl2 -

minimized ?

I
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Figure 7.11: Schematic flow chart of the model-based calibration method that was used
to determine the parameters Sy, ¥ Oy, y @, d and Hy.
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Starting from a set of initial parameter estimates, a modeled interferogram is calcu-
lated using Eq. 7.6. A computational phase-stepping approach is then performed to
calculate the difference between the OPD of the measured interferogram and the mod-
eled interferogram. Based on the retrieved OPD difference, a new set of parameters is
obtained and a new modeled interferogram is calculated. This loop is repeated until the
mean-squared OPD difference (AOPD = OPD,,,p4¢1 - OPDjeasured) is minimized. This
iterative minimization of the OPD error is fast and accurate since the model is based on
simple free space propagation of spherical waves with only a few unknown model param-
eters. However, it assumes that these model parameters have different OPD-sensitivities.
The parameter sensitivities of our FT-spectrometer concept are simulated using Eq. 7.6
for a pinhole separation 2d of 4 mm, a pinhole-image sensor distance Hy of 125 mm.
The simulation showed identical OPD sensitivity behavior for image sensor shift in the
y-direction (Sy) and tilt around the x-axis (6x). These two misalignment’s can therefore
not be independently calibrated. However, sensor tilt has a much lower sensitivity than
sensor shift. Therefore, we assume 6, to be zero in our calibration.

For calibration of our FT-spectrometer three images are captured. First, we measure
the interference pattern on the image sensor using the HeNe laser. Then also images of
the individual pinholes, are measured to remove the amplitude envelope and DC back-
ground term from the interferogram. Our model-based calibration approach minimized
the OPD difference AOPD between the measured and the modeled interferogram. Fig.
7.12 shows this OPD difference at various stages the calibration process.
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Figure 7.12: Difference between measured and modeled OPD at image sensor in various
stages of the calibration steps. The table underneath the AOPD images shows the
corresponding calibration parameters.

In Fig. 7.12, the left image shows the AOPD before any calibration has been applied.
Here, the parameters are estimated such that the camera and pinholes are perfectly
aligned and the the pinhole distance 2d equals the design value of 4 mm and the
camera-pinhole distance is also equal to its intended value of 125 mm. A clearly visible
x-gradient in the AOPD indicates that Hy and/or d need to be adjusted. Hy and d are
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then iteratively tuned until the linear x-gradient and the third order non-linearity are
eliminated, resulting in the AOPD shown in the center image. After this first optimization
in the model-based calibration the AOPD still contains a strong y-gradient and curvature.
Therefore, the parameters Sy, y (image sensor shift), Qy (image sensor tilt) and a (pinhole
rotation) are tuned iteratively, resulting in the right column of Fig. 7.12. After this
model-based minimization of the AOPD a small residual AOPD in the range of a tens of
nanometers is left. In the residual we clearly see two interleaved concentric rings that
are almost certainly caused by spurious interference effects that are introduced by the
cover glass that is in front of the image sensor. Moreover, in the residual AOPD small
but significant AOPD values in the upper left and upper right corners are present. This
could be caused by a small wavefront aberrations in the two interfering wavefronts.
Generally, sufficiently low residual OPD errors were obtained after 10 to 20 iterations.
The typical duration of a single calibration iteration on Intel Core i7-1185G7 CPU with 16
GB memory PC is a few seconds, resulting in a total processing time of several minutes.
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CHAPTER 8

COMPUTATIONAL IMAGE
ENHANCEMENT USING
MODEL-BASED SUPPRESSION OF
SPURIOUS IMAGING EFFECTS

Achieving sub-nanometer overlay metrology precision requires near-perfect
imaging conditions and an almost complete suppression of imaging artifacts.
Since digital holographic microscopy measures the full complex-valued field, it
enables computational filtering in the pupil plane. In this chapter, we present
experimental results of a model-based signal separation technique using digital
pupil filtering. This model-based approach allows us to effectively suppress
nuisance signals that pose a significant challenge in today;s overlay metrology
techniques. Our model-based method does not lead to a loss in resolution so
it opens the door towards improved metrology precision on smaller metrology
targets.

Published as: T. van Gardingen-Cromwijk, S.G.J. Mathijssen, M. Noordam, S. Witte, J.E de Boer and A.].
den Boef, Enhancing diffraction-based overlay metrology capabilities in digital holographic microscopy using
model-based signal separation, J. Micro/Nanopattern. Mats. Metro, 23, 044006 (2024)
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8 Computational image enhancement using model-based suppression of spurious
imaging effects

8.1 Introduction

High overlay accuracy and robustness on smaller grating marks with low diffraction ef-
ficiency require a strong suppression of undesired signals that impact the desired sig-
nal that carries the relevant overlay information. This becomes even more relevant for
metrology applications that ask for dense intrafield sampling schemes where overlay
must be measured on many points in a field [86]. For these cases there is a need to make
the overlay target as small as possible while still maintaining a good metrology precision
[16, 17]. Currently, optical overlay metrology is measured in a dark-field microscope
and requirements approach sub-nanometer accuracy levels [13] which requires intensity
level measurements in diffraction-based overlay (DBO) with a relative precision of the
order of 0.01% [26]. Today, these precision levels are easily realized on targets with a
dimension of around 16 x 16 um?. However, dense intrafield sampling schemes ask for
significantly smaller target sizes well below 10 x 10 um? [86].

A reduction of the target size comes with very significant challenges and finite grat-
ing effects. For example, a smaller target suffers more from intra-target variations [86].
Therefore, the area where the average intensity level is calculated from, i.e. Region-of-
Interest (Rol), should preferably cover the entire grating for small targets, as illustrated
in Fig. 8.1 (b). Moreover, a larger Rol will benefit the precision since more photons are
available for the overlay measurement.

a 16 ym b
—

4 pm

—
16 pm EI 4 pm

Figure 8.1: Region-of-interest (Rol) selection for conventional (a) and small (b) uDBO
targets.

Dark-field imaging of the grating, as shown in Fig. 8.2 (a), results in collecting the first
diffraction. 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 of imaging quality. This is illustrated
in Fig. 8.2 (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 R; and the top layer has a reflectivity
of Ry, as shown Fig. 8.2 (a).

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.
Fig. 8.2 (b) shows how these diffraction orders leak into each other, due to the small
grating width W = 4 ym in combination with a reflectivity difference of the grating R;
and the top layer Ry. Fig. 8.2 (c) illustrates this broadening of the zeroth order diffraction
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Figure 8.2: 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 (a), blue represent the —18t diffraction order and red represents the
oth diffraction order.

leaking into the right side of the 2D case of a pupil, indicated with the dashed red line. In
the grating image, zeroth order leakage results in a bright edge of the target and an inter-
ference pattern within the target degrading the image quality. For 16 x 16 um? size targets
the Rol can be reduced such that bright edges are excluded from the Rol, as simulated in
Fig. 8.3 (a), where the red square indicated the Rol. In the case of smaller targets (e.g. 4
x 4 um?), the Rol can not be reduced because of intratarget overlay variation due to line
edge roughness [86]. For large gratings this effects averages out, but for small gratings
that no longer happens. The overlay error due to intratarget variations can be minimized
by making the Rol as large as the grating. By doing so, the bright edge end up within the
Rol, limiting the DBO metrology performance, as shown in Fig. 8.3 (b) and (c).

¥ [um]

Y [pm]

x [pm]

Figure 8.3: Simulation of a (a) 16 x 16 pum? and (b) 4 x 4 um? uDBO target with zeroth
diffraction order leakage resulting in bright edges and (c) a magnified image of (b). The
red box indicates the Rol.

Secondly, putting the Rol boundary at the grating edge results in an overlay measure-
ment which is more sensitive to light leakage from surrounding structures. Photons
originating from bright surrounding structures next to the target of interest can leak into
the Rol of the overlay target, influencing the accuracy of the overlay measurement. Es-
pecially, in coherent imaging systems like digital holographic microscopy (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.
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In this study, we will present a digital pupil filtering technique that allows to suppress
target specific artifacts in optical overlay metrology using model-based filtering. We
will demonstrate the effectiveness of our technique by presenting nuisance suppression
for two different applications. This will allow for a larger Rol enabling the future use
of smaller pDBO targets. In order to use digital pupil filtering techniques in dark-field
microscopy, the full complex-valued field should be retrieved. In the exit pupil, before
an inverse Fourier transform is applied, a digital filter can be applied to filter the signal of
interest. Such a filter can be a global window like an apodization window [87], 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 apodization filter is a
well-known solution to suppress signal imperfections. These filter do not require any
prior knowledge, however apodization normally results in some loss of resolution. In the
next section, we will present a model-based digital pupil filter using prior knowledge of
the overlay metrology target and the used experimental DHM setup.

8.2 Methods

8.2.1 Model-based digital pupil filter

In semiconductor manufacturing, basic parameters of the overlay metrology target are
typically known. Examples of such parameters are size, grating pitch and duty cycle of the
grating. Having prior knowledge on 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 overlay metrology target,
for example, consists of square gratings. Back-propagating a square grating to the pupil
plane by Fourier techniques results in a 2D-sinc function [25], as illustrated in Fig. 8.2 (b).
The blue 2D-sinc function illustrates the —15t 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 NA indicated with 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 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. 8.4.

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 overlay metrology
target degrading the overlay measurement accuracy. Reducing the impact of the signal
coming from the surrounding structures could result in more robust overlay metrology.
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Figure 8.4: Algorithm flowchart of the pupil fitting technique, where blue and green
represents the image plane and pupil plane respectively.

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 overlay signal from the surrounding signals. For
both presented pupil filtering technique examples an experimental result is presented
and discussed in the Results section.

8.3 Results

In diffraction-based overlay metrology it is important to measure the relative intensity
differences between the +1% and —1® 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. 8.2.1.

8.3.1 Zeroth order suppression
Metrology limitation

The finite size of the grating leads to a broadening of the zeroth order signal in the spatial
frequency domain. Fig. 8.5 (a) (simulation) shows this broadening of the zeroth order
diffraction leaking into the right side of the pupil. In the grating image, Fig 8.5 (b) (sim-
ulation), this results in a bright edge of the target and an interference pattern within the
target degrading the image quality and limiting the Rol size.

With the digital access to the pupil plane in DHM, and the 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 Rol that helps to improve the overlay
metrology precision. This suppression will be done by fitting the zeroth order shape, sinc
function, in the retrieved pupil of DHM and then subtract that zeroth order field from the
pupil plane, as shown in Fig. 8.5 (c). Here, the red line represents a sinc function fitted to
the pupil plane. Subtraction of the fitted zeroth order results in a corrected pupil image,
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Figure 8.5: 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) (simulation). 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. 8.5 (d), and its corresponding grating in the image plane, as shown in (e). The cross
section of the grating images, Fig. 8.5 (f), shows that after correction (red line) the zeroth
order artifacts are decreased significantly. The bright edges are suppressed as well as the
ringing behaviour across the target.
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Figure 8.6: Simulated comparison of a 10 x 10 um? grating with a 600 nm pitch and
measurement wavelength 632 nm, using a raw, a fitting correction and an apodization
window.

Fig. 8.6 shows a comparison between simulations of an unfiltered image (a), a filtered

imaged 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
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suppressed using a fitting window. Moreover, using a strong apodization window to
suppress the zeroth order leakage will always be at the expense of resolution due to
broadening of the point spread function.

Experimental result

We experimentally validated the approach as presented in previous section. Fig. 8.7
shows the experimental results of zeroth diffraction order separation and subtraction in
the pupil plane.
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Figure 8.7: (a) A measured 16 x 16 um? 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) An 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).

The Fourier transform of the 16 x 16 um? overlay target, (Fig. 8.7 (a)), results in two
interfering sinc functions in the pupil plane amplitude. In order 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. 8.7 (b). Here, the zeroth
order leakage is visible in the left edge of the pupil plane and in the corresponding image
plane, Fig. 8.7 (c), the zeroth order leakage is visible as clear bright lines at the edge of
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the grating. Moreover, an interference pattern with horizontal lines is visible in the image
plane as aresult of the interference between the zeroth and first diffraction order. Fitting
asinc 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. 8.7 (d), and the corresponding image
plane Fig. 8.7 (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 window. Applying an soft apodization window (i.e. Hamming window) to
the corrected pupil plane (Fig. (d)) results in Fig. 8.7 (f) and (g). This analyses 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.
8.7 (h).

With the zeroth diffraction order suppression the target has a more homogeneous in-
tensity distribution over the target and the bright edges a shown in Fig. 8.7 (h). This
allows for a larger region-of-interest (Rol) selection inside the target and makes the Rol
position less critical. An example of Rol selection is indicated with a red square in Fig.
8.8 (a). The overlay error as function of a square Rol size is presented in Fig. 8.8.
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Figure 8.8: The +15 (a), (b), (c) and —15 (d), (e), (f) diffraction order of a 16 x 16 um?
overlay target with a pitch of 600 nm measured at 632 nm wavelength. (a) and (d) show
the raw intensity images, where the red box indicated an example of a Rol selection. (b)
and (e) have the zeroth diffraction order leakage filtered in the pupil plane using a fitting
window. (c) and (f) have the zeroth diffraction order leakage filtered with an additional
Hamming apodization window. (g) shows the calculated overlay error as function of Rol
size for the three different cases.

Fig. 8.8 (g) shows the calculated overlay error, using Eq. 1.11 with d = 20 nm, as
function of Rol 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 overlay error of this test target equals 0 nm. The measured
overlay error for the raw intensity varies 0.6 nm for a Rol size ranging from 4 pm to 7
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pm due to the zeroth and first diffraction order interference. When the Rol becomes
larger than 7.3 um the overlay 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 overlay error as function
of Rol 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 measured overlay error as function of Rol is stable
within a range of 0.2 nm.
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Figure 8.9: The +1%, (a), (b) and —15¢ (c), (d) diffraction order of a 16 x 16 um? overlay
target with a pitch of 600 nm measured at 632 nm wavelength. (a) and (b) show the
measured +18t diffraction order of the overlay target with a fitting window combined
with apodization and apodization only, respectively. (c) and (d) show this for the —1st
diffraction order. (e) overlay error as function of square Rol size, where red represents
the fitting and Hamming apodization window combined and blue represents a Hamming
apodization window only.

A comparison between zeroth diffraction order filtering in combination with apodiza-
tion and conventional apodization only is presented in Fig. 8.9. (a) and (b) show the
measured +1% diffraction order of the overlay target with a fitting window combined
with apodization and apodization only, respectively. (c) and (d) show this for the —1°
diffraction order. The overlay error as function of square Rol size is presented in Fig. 8.9
(e). It shows that a conventional apodization window still suffers from zeroth diffrac-
tion order leakage, degrading the overlay measurement precision. Whereas, filtering the
zeroth diffraction order using a fitting window allows for a larger Rol which becomes
especially relevant for smaller (in-die) overlay targets.

Previous presented experimental results were obtained using on 16 x 16 um? overlay
targets. In order to verify that our zeroth order filtering method improves DBO metrol-
ogy on small targets, 4 x 4 um? overlay targets with two 2 x 2 um? grating pairs, were
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measured. The pitch of the grating is 500 nm and measured with a wavelength of 532
nm. The retrieved overlay values as a function of the programmed overlay are plotted in
Fig. 8.10. The blue dots represent the measurement points and the red line shows the
linear fit through the retrieved overlay values. (a) represents the retrieved overlay where
no zeroth order suppression was applied. Therefore, the Rol was chosen to be 1 x 1 um?,
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 (TIS) correction was applied, resulting
in a constant offset. The relevant parameter here is the R?> which is equal to 0.96. In Fig.
8.10 (b) the retrieved overlay plot is shown with zeroth order suppression applied and a
Rol equal to 1 x 1 um?. The R? value slightly improved and is equal to 0.97. However, as
presented in Fig. 8.8, filtering the zeroth diffraction order using a fitting window allows
for a larger Rol selection. Therefore, in Fig. 8.10 (c) we show the retrieved overlay with
the zeroth order filtered from the measurement and a Rol equal to the 2 x 2 um? grating
size. In this case, the R? value improves to 0.99, which is an indication for a more precise
overlay measurement.
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Figure 8.10: The retrieved overlay values measured on 4 x 4 pmz overlay targets with a
pitch of 500 nm and a measurement wavelength of 532 nm. (a) without zeroth diffraction
order filtering and a Rol smaller than the grating size (1 x 1 pmz). (b) with zeroth
diffraction order filtering and a Rol smaller than the grating size (1 x 1 um?). (c) with
zeroth diffraction order filtering and a Rol equal to the grating size (2 x 2 pm?2).

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

8.3.2 Model-based suppression of the impact of surrounding struc-
tures

Metrology limitation

In addition to filtering nuisance signals from the target itself as presented in the previ-
ous section, 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 Rol, influencing the accuracy of the overlay measure-
ment. Especially, when the Rol is equal to the grating size. Moreover, in coherent imaging
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systems like 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 Section 2.2, 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 artifacts. Here we will present first proof-of-concept experimental data that
shows that we can also suppress the impact of surrounding structures using a model-
based filtering approach.

Experimental result

We experimentally validate the model-based digital pupil filtering for suppression sur-
rounding structure and present the results in Fig. 8.11. The measured sample is a single
layer, custom-made test sample that contains two 8 x 8 um? single layer gratings as
target, having a pitch of 600 nm, and a 16 x 16 um? bright surrounding target, with a
pitch of 500 nm, next to it. A hologram is measured at 632 nm wavelength.
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Figure 8.11: 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 diffraction peak from the target (right) and its corresponding retrieved
image plane (e). (b) Apodized pupil plane and its corresponding apodized image plane
(). (c) Filtered pupil plane and its corresponding 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, the pitch of the target
is 600 nm and measured using 632 nm wavelength.

Fig. 8.11 (a), shows the Fourier transform of the extracted image plane Fig. 8.11 (e).
Due to the different pitches of the surrounding and overlay structures the diffraction

107



8 Computational image enhancement using model-based suppression of spurious
imaging effects

orders end up at a different locations in the pupil plane. The left diffraction peak (Fig.
8.11 (a)) mainly contains the signal from the surrounding structure. Using the prior
knowledge of the surrounding structure being a 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. 8.11 (c) and its corresponding filtered
image plane (g). Applying a soft Hamming window to the filtered pupil, as shown in Fig.
8.11 (d), results in a filtered image without coherent ringing (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 overlay target can be
completely separated from the surrounding signals. A conventional apodization window
only as presented in Fig. 8.11 (b) and the corresponding image plane (f) reduces the
sidelobes and therefore the light leakage into the overlay 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.

8.4 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 Rol 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 overlay target. This allows one to use a larger Rol inside the target and makes the Rol
position less critical. Secondly, we presented a pupil filtering technique to separate the
signal of interest from additional signal coming from surrounding structures. Therefore,
the optical crosstalk leaking into the overlay target can be strongly suppressed.
To reach the sub-nm precision of overlay metrology we push the capabilities of compu-
tational 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.
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CHAPTER 9

CONCLUSIONS AND FUTURE
PROSPECTS

In this chapter, we reflect on the investigations that have been reported in this
thesis. We summarize the obtained results and place them in a broader context
within the research field and we describe how this research has helped addressing
some of the most relevant overlay metrology challenges in the semiconductor
industry. In addition, we provide suggestions for further research directions
toward new discoveries and we describe some potential applications.
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9 Conclusions and future prospects

Optical metrology has significantly evolved over the past few decades, with advances
driven by developments in optics, laser sources, computational power, and precision
engineering. Overlay metrology has evolved from basic alignment checks to a sophis-
ticated, high-precision, and scatterometry measurement integrated into semiconductor
manufacturing processes. Despite the significant progress in optical overlay metrology
over the past decades, measurements still rely solely on the intensity information of light
leading to stringent requirements for high quality optics and imaging. Therefore, digital
holographic microscopy (DHM) was introduced as a potential novel overlay metrology
tool measuring the full-complex field and solving hardware imperfection with computa-
tional imaging. The primary objective of this thesis was to tackle three major challenges
of DHM as an overlay metrology tool, namely:

* Field-position dependent aberration correction
¢ Illumination spot profile correction

¢ Vibration mitigation

In this thesis, we demonstrated our capability to correct the non-isoplanatic lens aber-
rations in a computationally efficient manner through the co-design of a dedicated imag-
ing lens and a three-step algorithmic approach. Secondly, to address the non-uniform
beam profile illuminating the overlay target a computational correction method using
calibration step was demonstrated. The third challenge, vibration sensitivity, was ad-
dressed by a computational vibration mitigation method using phase interpolation be-
tween a sequence of measured holograms. In the second part of this thesis, some less
foreseen topics were covered:

* Field-position dependent apodization

¢ Model-based signal separation

Measurement results that show that the point-spread function of our microscope de-
pends on the position in the Field-of-View. We showed that this novel observation can be
explained by a combination of the finite bandwidth of the light source and a wavelength-
dependent focal length of the imaging lens. Using a simple Fourier-transform spectrom-
eter that accurately measures the spectrum of a quasi-monochromatic light source, we
showed how measured spectral shapes can be used to computationally correct for such
spurious apodization effects.

Lastly, in addition to the calibrated computational corrections, a model-based pupil
filtering was discussed. We explored 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. This technique enables a further
reduction in metrology target size while also offering opportunities to improve precision.

Besides the improvements in metrology target size, DHM might offer capabilities for
optical depth profiling. In this thesis, overlay structures with a few hundred nanometer
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separation between top and bottom layer were measured. In more complex layer struc-
tures, the spacing might be several micrometers. Computational refocusing in combina-
tion with wavelength scanning might result in depth-resolved imaging for thick overlay
targets using DHM. A next step would be to demonstrate the ability to reconstruct com-
plex 3D structures, such as 3D MEMS with thicknesses that can reach 1 millimeter.

Secondly, imaging through a wide range of materials with varying optical properties in
a multi-layer stack presents a promising application area for DHM. Its broad wavelength
range, combined with coherent amplification, enables imaging through opaque layers.
Ultimately, the ability to image through 700 pm of silicon unlocks a relatively unexplored
domain for DHM, including metrology on thick stacks, bonded wafers, and backside
alignment.

DHM generates large volumes of data that need to be translated into precise over-
lay measurements. Especially, multi-wavelength and multi-polarization holograms re-
trieved in one acquisition in combination with computational corrections and vibration
mitigation methods might push computational load to its limits. Exploring model-based
analyses and developing fast algorithms will be essential for DHM to evolve into a overlay
metrology tool.

The high-NA EUV lithography scanners introduce thin photoresists, resulting in
extremely weak scattering from the grating structures, posing unique overlay challenges.
DHM, with its coherent amplification and adaptability to broad wavelength ranges,
could enhance precision in high-NA EUV-driven layers. However, until now these
thin resists layers are relatively unexplored with DHM. Lastly, suppressing nuisance
signals from high-reflectivity interfaces and surrounding structures remains a key topic
for future investigation. In this thesis, signal filtering of two known structures was
experimentally validated. Expanding this work to model-based filtering techniques for
scenarios where the surrounding structures are unknown presents a promising area for
further research.

In Chapter 1, we discussed the growing demands that semiconductor industry faces for
metrology precision, speed, and efficiency as feature sizes shrink and device complexity
grows. This thesis contributes directly to addressing these challenges by advancing DHM
as an overlay metrology tool. In modern semiconductor manufacturing, where extremely
high precision is required, field-position dependent aberrations are a fundamental lim-
itation in conventional imaging systems. This thesis provides a groundbreaking solu-
tion to address field-dependent aberrations computationally using DHM. A three-step
algorithmic approach, combined with a co-designed lens system, enables efficient cor-
rection of non-isoplanatic aberrations without the need for expensive hardware modi-
fications. This opens the door to improved performance and reduced costs, which are
essential for advancing the next generation metrology techniques. Moreover, this thesis
demonstrated a model-based signal separation technique enabling a further reduction
in metrology target size while also offering opportunities to improve precision. The value
for industry comes on one hand with the model-based signal separation and on the
other hand with the computational access to the pupil plane of the digital holographic
microscope, resulting in a complete suppression of nuisance signals without the loss of
resolution improving metrology performance on small targets. A unique combination
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that the semiconductor industry is searching for for decades.

C. A. Bennet quotes in his book Principles of Physical Optics: "In principle, hologra-
phy is very simple" [75]. It is indeed true that the concept of holography is relatively
straightforward. However, the well-known idiom "the devil is in the details" applies
when DHM is being considered for overlay metrology. Measuring signal levels with 0.01%
precision is far from trivial and requires a deep and detailed understanding of the DHM
signal formation. The work reported in this thesis is a significant step forward in gaining
this understanding and has brought DHM a step closer towards an overlay metrology
application.



Summary

SUMMARY

In semiconductor industry, integrated circuits are manufactured on wafers, built up
layer-by-layer, resulting in a complex multilayer stack. In order for a chip to work
properly after manufacturing, each layer should be positioned with sub-nanometer
accuracy relative to the previous layer. This positioning is called overlay, which is the
lateral misalignment of a newly patterned layer with respect to the previous layer in a
multilayer stacked wafer. With the continued shrink of device feature sizes and more
complex devices being developed, there has been a relentless push for semiconductor
overlay metrology improvements for accurate, precise, and fast overlay measurements.
In this thesis, the potential of dark-field digital holographic microscopy as an overlay
metrology tool is explored. Digital holographic microscopy enables the reconstruction of
complex fields, allowing for computational corrections of imperfections in the imaging
system. In this study, six key challenges are addressed. The questions explore the
major difficulties of digital holographic microscopy;, its practical implementation, and its
potential to meet the demanding requirements of advanced semiconductor metrology.

In Chapter 2, the experimental setup is discussed, which incorporates a super-
continuum light source, acousto-optical tunable filter, and polarization-maintaining
fibers. The imaging system includes a high-NA lens without anti-reflective coatings.
Specific design features like off-axis illumination and Fourier transform techniques
for processing interference patterns are explained. The setup is extended to the near-
infrared range using tailored optics and cameras, demonstrating it’s applicability to a
broader range of semiconductor materials.

In Chapter 3, we demonstrate a solution for the first foreseen challenge of digital
holographic microscope: field-position dependent aberrations. A fast and accurate
correction of non-isoplanatic aberrations over a wavelength range from visible to near-
infrared is experimentally shown. This is done computationally in an efficient manner
through co-design of a dedicated imaging lens and a three-step algorithmic approach.

In Chapter 4, we address the challenge of illumination spot profile inhomogeneity,
caused by the Gaussian spot in combination with the oblique angle of incidence. A
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large grating, covering the entire Field-of-View is used as calibration step to measure
the spot profile. A computational correction on measured data, using this calibrated
spot profile, demonstrate significant improvements in overlay measurements, reducing
errors caused by uneven illumination.

In Chapter 5, a computational approach to mitigate phase variations from envi-
ronmental vibrations is introduced. By measuring a sequence of holograms using a
high-speed camera, the phase variation during acquisition time can be interpolated. It
was shown that based on this phase interpolation the impact of the vibrations on the
amplitude can be predicted and corrected.

In Chapter 6, spurious apodization effects caused by wavelength-dependent focal
depth in combination with a finite bandwidth of the light source was examined. Both
theoretical and experimental analyses were conducted to understand how this spurious
apodization affect the point-spread function and thereby the image quality. The chapter
was concluded by proposing a computational correction method which was investigated
in Chapter 7.

In Chapter 7, a Fourier-transform spectrometer is built, measuring the spectrum of
the light source accurately to address the spurious apodization in our digital holographic
microscope. We concluded the study with experimental work on spurious apodization
correction and an acousto-optical tunable filter characterization.

In Chapter 8, computational image enhancement was experimentally explored result-
ing in a model-based signal separation technique using digital pupil filtering for two
different metrology challenges. It demonstrates strong suppression of nuisance signals
without resolution loss. This technique enables a further reduction in metrology target
size while also offering opportunities to improve precision.



Samenvatting

SAMENVATTING

In de halfgeleiderindustrie worden geintegreerde curcuits gemaakt op wafers, deze
wafers worden laag voor laag opgebouwd, wat resulteert in een complexe structuur
bestaande uit meerdere lagen. Om ervoor te zorgen dat een chip na fabricage goed
functioneert, moet elke laag met sub-nanometerprecisie ten opzichte van de vorige laag
worden gepositioneerd. Een verschuiving in deze positionering wordt overlay genoemd,
wat verwijst naar de laterale uitlijning van een nieuwe laag ten opzichte van een vorige
laag in de wafer structuur. Met chip structuren die voortdurend kleiner worden en de
ontwikkeling van complexere chips, is er in de halfgeleiderindustrie een aanhoudende
druk om overlay metrologie te verbeteren in termen van nauwkeurigheid, precisie
en snelheid. In dit proefschrift wordt dark-field digitale holografische microscopie
onderzocht als een mogelijkheid voor overlay metrologie. Digitale holografische
microscopie maakt het mogelijk om complexe lichtvelden te reconstrueren, waardoor
het computationeel corrigeren van imperfecties in het systeem mogelijk wordt. In dit
onderzoek worden zes belangrijke uitdagingen aangepakt. Hierbij wordt gekeken naar
de grootste uitdagingen, de praktische implementatie ervan en om te voldoen aan de
veeleisende doelstellingen van de halfgeleider industrie.

In Hoofdstuk 1, wordt een overzicht gegeven van bestaande methodes voor overlay
metrologie, zoals image-based overlay (IBO) en diffraction-based overlay (DBO), waarbij
de beperkingen worden besproken. De potentie van dark-field digitale holografische
microscopie als een nieuw instrument voor metrologie wordt besproken. Digitale
holografische microscopie biedt veel voordelen zoals coherente optische signaal
versterking, aberratiecorrectie en computationele beeldverbetering.

In Hoofdstuk 2, wordt de experimentele opstelling besproken, met daarin een
supercontinuum lichtbron, een acoustic optical tunable filter (AOTF) en polarisatie-
houdende fiber. Het beeldvormingssysteem omvat een lens met een hoge numerieke
apertuur zonder antireflectie-coatings. Specifieke ontwerp keuzes zoals de off-axis
verlichting en Fourier-transformatietechnieken voor het verwerken van interferentiepa-
tronen worden uitgelegd. De opstelling wordt uitgebreid naar het infrarood bereik met
behulp van extra optica en camera’s, wat de toepasbaarheid op een breder scala aan
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halfgeleidermaterialen aantoont.

In Hoofdstuk 3, wordt een oplossing gepresenteerd voor een van de eerste uitdagin-
gen van digitale holografische microscopie: veldpositie-athankelijke aberraties. Een
snelle en nauwkeurige correctie van niet-isoplanatische aberraties over een golflengte-
bereik van zichtbaar licht tot infrarood wordt experimenteel aangetoond. Dit wordt op
een computationeel efficiént manier gedaan via een co-ontwerp van een speciale lens
en een algoritmische aanpak in drie stappen.

In Hoofdstuk 4, wordt het probleem van de inhomogeniteit in de verlichtings
spot aangepakt, veroorzaakt door de Gaussische spot in combinatie met de schuine
invalshoek. Een groot grating dat het gehele Field-of-View omvat, wordt gebruikt als
kalibratiestap om de verlichtings spot te meten. Een computationele correctie, gebruik
makend van de gekalibreerde spot, laat aanzienlijke verbeteringen zien in overlay
metingen en vermindert fouten als gevolg van ongelijke verlichting.

In Hoofdstuk 5, introduceren we een computationele aanpak om fasevariaties
door vibraties uit de omgeving te corrigeren. Door een reeks hologrammen met een
hogesnelheidscamera te meten, kan de fasevariatie tijdens de acquisitietijd worden
geinterpoleerd. Dit maakt het mogelijk om de invloed van vibraties op de amplitude te
voorspellen en te corrigeren.

In Hoofdstuk 6, wordt het apodizatie-effect onderzocht die wordt veroorzaakt door
golflengteathankelijke focus diepte in combinatie met de eindige bandbreedte van de
lichtbron. Zowel theoretische als experimentele analyses worden uitgevoerd om te
begrijpen hoe deze effecten de point-spread function en daarmee de beeldkwaliteit
beinvloeden. Het Hoofdstuk wordt afgesloten met een voorstel voor een computationele
correctiemethode, die verder wordt onderzocht in Hoofdstuk 7.

In Hoofdstuk 7, wordt een Fourier-transformspectrometer beschreven, waarmee
het spectrum van de lichtbron nauwkeurig wordt gemeten om de spurious apodization
in het digitale holografische microscoop te corrigeren. Experimenteel werk over deze
correctie en de karakterisatie van de AOTF wordt gepresenteerd.

In Hoofdstuk 8, wordt computationele beeldverbetering in DHM experimenteel on-
derzocht. Dit resulteert in een filter methode in het pupil vlak gebruikmakend van een
model. Deze techniek toont een sterke onderdrukking van ruissignalen zonder verlies
van resolutie. Dit maakt een verdere verkleining van metrologie structuren mogelijk en
biedt kansen om de precisie te verbeteren.
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TEN SENTENCES

10.

. Although digital holographic microscopy is a well-established method for quanti-

tative phase imaging, its potential for amplitude imaging remains relatively unex-
plored.

. By measuring the full complex field, digital holographic microscopy allows for

computational corrections of system imperfections.

. High-quality complex optics are replaceable by simple optics when combined with

computational correction techniques.

. Model-based signal separation in combination with computational access to the

pupil plane of the digital holographic microscope, results in a suppression of nui-
sance signals without the loss of resolution improving metrology performance on
small targets.

. Inherently vibration-sensitive measurement instruments, such as interferometers,

can reliably function in industrial environments when appropriate mitigation
strategies are applied.

. Developing a novel metrology tool is only feasible with the close collaboration of

like-minded researchers with different expertise.

. It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are.

If it doesn't agree with experiments, it’s wrong. — Richard P. Feynman

. If you do something for someone else, there will always be those willing to do

something for you.

. People who start walking before the train has stopped never end up first at the

door.

Alist of ten sentences is not the same as propositions.
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