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Abstract: The use of quasi-monochromatic light in digital holographic microscopy can lead to
spurious apodization effects. The resulting image degradation can be corrected by compensating
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. We will present measured spectra, obtained with this FT spectrometer, and we will show
how these spectra can be used to computationally correct for spurious apodization effects. The
resulting improvement of image quality is especially of interest for optical metrology applications
that require high-quality imaging performance like overlay metrology.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Digital holographic microscopy (DHM) is an established and well-known microscopy technique
whose value has been demonstrated in many application domains ranging from biology [1]
materials science [2,3] and metrology [4]. Several papers have reported the potential benefits
of dark-field DHM for overlay metrology in the semiconductor device manufacturing [5-8].
For this application, DHM is used to make high-resolution images of dedicated small overlay
targets on a wafer. Due to the continuous shrink of device features, the precision requirements
for overlay metrology are well in the sub-nanometer range, driving the need for near-perfect
imaging over a large range of wavelengths. For example, Ref. [9] shows the capability to
correct for non-isoplanatic aberrations and Ref. [5] demonstrates the capability of DHM to
measure overlay from visible to short-wavelength IR (SWIR) wavelengths. Finally, in Ref. [7]
we presented the benefits of DHM for measuring overlay on very small overlay targets. Despite
the advantages of this coherent imaging system, it has been shown in Ref. [10] that the use of
quasi-monochromatic light in dark-field DHM can lead to an undesired spurious apodization of
the spatial frequency spectrum of the image. Since metrology targets typically have dimensions
of about 10 x 10 um? and are often surrounded by other structures, a near-perfect aberration-free
imaging performance with a localized point-spread function (PSF) is required. The spurious
apodization, i.e. pupil amplitude variation, affects the PSF. The resulting degradation of the
imaging quality can potentially lead to errors in the retrieved overlay. In Ref. [10] the spurious
apodization effect was demonstrated based on measured PSF of the dark-field DHM system.
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Figure 1(a) and (b) show two examples of this study where the variation in amplitude distribution
affects the PSF, 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 [11]. This pupil amplitude distribution and PSF are presented in
Fig. 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 ym, quasi-monochromatic light is
required in DHM for overlay metrology, resulting in spurious apodization.
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Fig. 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 PSF, which was illuminated using a Gaussian spectral shape. [10]

Fortunately, this spurious apodization effect can be computationally corrected provided that we
know the spectral shape of the light source. In Ref. [10], 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 supercontinuum source with an acousto-optic tunable filter (AOTF) can have
a spectrum that significantly deviates from a Gaussian shape [12—15]. 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 paper, 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 photonic integrated circuit, thereby
minimizing the spectrometer’s footprint. These features 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 paper, we present details on our FT-spectrometer concept, along with a description 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 PSF of
our DHM setup.
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2. Theory and system design

2.1. Concept FT-spectrometer

Our FT-spectrometer method is similar to the well-known Young’s double-slit experiment [16]
and is conceptually shown in Fig. 2 [17]. 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,y) position on the image sensor which is
illustrated with the curved fringes in Fig. 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.

image sensor spectrum

‘ non-linearity Fourier
correction transform

A

X —>

(-d,0)
// OPD(x,y) = Lyy = Ly
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N

Fig. 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.

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,

Evy = \Is ()Lt (x,y) exp [~27k Loy (6, )], (1)

where —1 and +1 represent the left and right pinhole respectively, Is (k) is the source intensity at
wavenumber k = 1/1 and I (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

I(x,y) = / |E+1 + E_1|2dk = / I (k) [I+1 +1_1+ 2\/I+1]_1 Ccos (27rkOPD (x,y))] dk.
0 0
©))

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
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allows us to obtain a background-free normalized interference signal, given by

Iy (x,y) = /000 Is (k) cos [2rkOPD (x, y)]dk. 3)

In Eq. (3), the OPD variation across the camera location (x, y) is given by:

OPD:\/(x+d)2+y2+H(2)—\/(X—d)2+y2 +H3, )

where the H is the distance from the pinhole plane to the image sensor and 24 is the two pinholes
spacing. In practice, the distance Hj 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. 5

As shown in Fig. 2 and expressed in Eq. (5), a linear relation between OPD and the x-position
on the camera sensor is obtained near the center of the image sensor. However, for large x-values a
third order distortion becomes significant. Moreover, the OPD scaling is also weakly y-dependent.

The OPD expression of Eq. (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 S, 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 @ around the z-axis. These small misalignment’s create additional
OPD variations across the image sensor area. Combining all misalignment terms, the optical
path length for each individual pinhole can be expressed as,

Ly = \/(xid+Sx)2+ (v ad +Sy)* + (Ho + x0y + y6,)° (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 S, 6, and @ can be calibrated and included in the correction of the non-linear OPD
variation across the image sensor plane. The calibration of Hy, d and the parameters that describe
the small sensor misalignment’s, Sy, Sy, 6, 6y 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.

3. Experiment
3.1.  Experimental setup

In this section, we will describe the experimental setup used in this study. Fig. 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, F=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 ym and a separation 2d of 4 mm. These pinholes
were made in a 300 nm thick Chromium film on a glass substrate using a focused ion beam.
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Fig. 3. (a) Schematic representation of the two pinhole FT-spectrometer setup.

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. 3(a) is used to calibrate our FT-spectrometer. Further
details of this calibration method are presented in the next section. The other source in Fig. 3(a)
is a white light supercontinuum source (LEUKOS ROCK400-5) with two acoustic optical tunable
filters (AOTF’s) for wavelength selection covering the visible to near infrared wavelength range.
Figure 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 combination
with AOTF’s that are used in our research on DHM for metrology applications.

3.2.  Non-linearity correction method

Due to the non-linear OPD, described in section 2.2, the intensity of the interferogram is not
purely sinusoidal but has multiple frequency components, as illustrated using a simulation in
Fig. 4(a). Performing a Fourier transform over such a non-sinusoidal interferogram results in a
broad undefined spectrum, as shown in Fig. 4(d), indicated in red. Linear interpolation is used to
linearize the sample of the OPD, as shown in Fig. 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 "interp1" with a spline fit. The
interpolated interferogram now has a single frequency component as illustrated in Fig. 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. 4(d).

To apply this non-linearity correction the system parameter are experimentally calibrated 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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Fig. 4. Schematic illustration of the non-linearity correction using pixel interpolation. 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)

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.

4.1. Validation of calibration quality

After calibrating the system using a HeNe source and following the procedure as presented 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 interferogram, each horizontal line can be
Fourier-transformed resulting in a spectrum of the light source, as shown in Fig. 5(a). Therefore,
also the consistency over the y-axis has been experimentally verified as presented in Fig. 5(b).

(a) 2 1 (b) _ 532.06
Z =
808 T £
e =<
= o 53204
£ o8 i : o
Z o4 e
e 532.02 T ——,
T 02
E /
Q
€ 0 532
530 531 532 533 534 -10 -5 0 5 10
A[nm] ¥ [mm]

Fig. 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.

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, = ﬁ—;, which in our system is represented by

the maximum OPD range. So, we can approximate the OPD range as OPD = g—;. Therefore,

the spectral resolution of our FT spectrometer is approximately equal to A1 =~ %. With a

measured wavelength of 532 nm and a OPD ranging from —400 to 400 pm, this results in a
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spectral resolution of Al = % -10° = 0.4 nm. Figure 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. Figure 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 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 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.

The results of this wavelength range experiment are shown in Fig. 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 measure over a broad wavelength
range. Lastly, the results presented in Fig. 6 were obtained without readjusting optical elements
as we changed the wavelength from 450 nm to 950 nm.

10

AOTF A AOTF B

| set A—retrieved A|[nm]

0.1
400 500 600 700 800 900 1000

set Awavelength AOTF [nm]

Fig. 6. (a) Measured wavelength error of our FT-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 AOTF-B.

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 between the propagating optical and
acoustical waves [18,19] 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. [10]. 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
AQTF arise from non-linearity in acousto-optic interaction. Increasing the RF power amplifies
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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 [12—15].
Figure 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.

RF power [mW]
4000 mW 5000 mwW 6000 mW 7000 mW
" (a) - (b) - (e) . _(d)

550 nm

" 0 00 g 0 50 & 1 * 5
Wanvelength (nm) Wavelength {mm) Wanvebength (nm) Wanvebength (nm)

G 0

680 w60 o 6% 0

Wavelength A [nm]
650 nm

750 nm

Fig. 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).

In Ref. [10] it was presented that the finite bandwidth of the light source in combination 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 affects 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 amplitude distribution in the pupil
plane, depended on the finite bandwidth of the source spectrum. In Ref. [10], for simplicity
reasons, the spectral shape was assumed to be Gaussian. However, as shown in Fig. 7, the output
spectrum of an AOTF is not a perfect Gauss-function and is highly dependent on wavelength and
RF driving power [12—15]. Therefore, an accurate in-line spectrum measurement is important
to allow a computational apodization correction to the levels of accuracy that is needed for
demanding metrology applications. Such spectrum measurement can then be used to calculate the
amplitude variation in the pupil plane and computationally correct for it. Figure 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. 1(c).
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Fig. 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.

However, when illuminating the nanohole with an non-Gaussian AOTF spectrum, Fig. 8(a),
the measured pupil amplitude is a non-homogeneous distribution, as shown in Fig. 8(b). As
mentioned before, the acousto-optic interaction in an AOTF is non-linear and far from trivial.
Therefore, to perform the experimental demonstration of our correction method in a controlled
manner, the non-Gaussian spectrum, as shown in Fig. 8(a), by combining two programmed
wavelengths 529 nm and 536 nm both at a RF driving power of 4000 mW. As described in Ref.
[10], the amplitude in the exit pupil plane can be expressed as,

App(y) = / S(AQ) expliyAd]dAa, @)
where S(AQ) is the source spectrum and y a dispersion parameter. Using this expression the
expected pupil amplitude distribution can be calculated based on the measured spectrum. The
calculated pupil amplitude, using the measured spectrum (Fig. 8(a)), is presented in Fig. 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,

Ameas

Acor AL ®)

The residual amplitude, i.e. the difference between the calculated A ;. and A4 is presented in
Fig. 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 A,,.4s and the calculated amplitude A.4.. This mismatch is mainly related to the
scattering profile of the nanohole. This scattering profile is observed in Fig. 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. 8(e), but is not present in the y-direction, as shown in the
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y-cross section in Fig. 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 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. 9(a) and (b),
respectively. The spurious apodization lead to broadening of the sidelobs of the PSF as shown
in Fig. 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. 9(b). Figure 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.

(a) Uncorrected PSF (b) Corrected PSF
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Fig. 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).



Vol. 4, No. 2/15 Feb 2025/ Optics Continuum 392 |
o P T~
OPTICS CONT’NUUM : ; . LA

5. Future improvements

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

1. Aberration minimization: The main limitation of the current setup are aberrations caused
by the relatively large pinhole diameter of 5 micrometer, which degrade fringe quality.
As a future improvement, we plan to measure with smaller pinholes. A 1-micrometer
pinhole would transmit a less aberrated wavefront, potentially 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 sequentially. For overlay
measurements, simultaneous spectrum and overlay target acquisition would be more
advantageous. Figure 10 illustrates a potential implementation of the FT spectrometer
within the df-DHM setup.

3. Precision study: The spectral resolution of 0.4 nm achieved with our FT spectrometer
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 technology 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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Fig. 10. A schematic representation of the FT spectrometer concept implemented in our
df-DHM setup. (a) An AOTF selects the desired wavelength coming from the coherent white
light source. A small portion of the light is split off and propagated to FT spectrometer. The
other part of 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).
The illumination beams are diffracted on the sample via an objective under an angle of 70°.
The imaging lens captures both the +1% and —1% diffraction orders. The diverging reference
beams are reflected via a mirror on the camera.

Implementing these future improvements will overcome current limitations, enhance spectral
resolution, reduce aberrations, and streamline measurement processes, ultimately advancing the
capabilities and accuracy of the FT spectrometer.
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6. Conclusion

In this study, we have presented a simple and accurate spectrometer based on two interfering
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 FI-
spectrometer. The sub-nm spectral resolution that we have demonstrated is sufficient for various
applications including semiconductor optical metrology tools. We concluded the study with
experimental work on spurious apodization correction 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 misalignment’s, Sy, S,
6y, 8y and « is done with a simple model-based iterative technique that is already well-established
in semiconductor metrology applications like optical CD metrology [20]. Figure 11 presents a
flow chart of our model-based calibration method.

measured initial
interferogram ) modeled parameter
from HeNe laser interferogram estimates
» » i
parameters
1-

determine mean-squared OPD error:

|0PDmodel - OPDmeasuret:ll2 -

minimized ?

i

| calibrated parameters |

Fig. 11. Schematic flow chart of the model-based calibration method that was used to
determine the parameters Sy.y, 0x.y, @, d and Hy.

Starting from a set of initial parameter estimates, a modeled interferogram is calculated using
Eq. (6). A computational phase-stepping approach is then performed to calculate the difference
between the OPD of the measured interferogram and the modeled 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,;;p4e; -
OPD,.cusureq) 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 parameters. However, it assumes that these model parameters have different
OPD-sensitivities. The parameter sensitivities of our FT-spectrometer concept are simulated
using Eq. (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 (). These two misalignment’s can therefore not be



Research Article

opTics CONTINUUM

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 background term from the
interferogram. Our model-based calibration approach minimized the OPD difference AOPD
between the measured and the modeled interferogram. Figure 12 shows this OPD difference at
various stages the calibration process.

before calibration after calibration of Hy and d after full calibration
T 300 | = |— 3001 = 30
€ £ €
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5 / 5 [
-300 —— -300 30
0 5 0 5 10 10 5 0 5 10
x [mm] x [mm]
Hy [mm] 125 127.160 127.160
d [mm] 2 2.009 2.009
Sy [mm] 0 0 1.29
Sy [mm] 0 0 -1.12
0, [mrad] 0 0 -9.6
a [mrad] 0 0 -7

Fig. 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. 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 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 S, , (image sensor shift), 6, (image sensor
tilt) and @ (pinhole rotation) are tuned iteratively, resulting in the right column of Fig. 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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