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We explore the principles, implementation details, and performance
characteristics of a lensless multi-spectral digital holographic sensor and
demonstrate its potential for quality assurance in semiconductor
manufacturing. The method is based on capturing multi-spectral digital
holograms, which are subsequently utilized to evaluate the shape of a
reflective test object. It allows for a compact setup satisfying high demands
regarding robustness against mechanical vibrations and thus overcomes
limitations associated with conventional optical inspection setups associated
with lens-based white light interferometry. Additionally, the tunable laser
source enhances the versatility of the system and enables adaptation to
various sample characteristics. Experimental results based on a wafer test
specimen demonstrate the effectiveness of the method. The axial resolution
of the sensor is + 2.5 nm, corresponding to lo.
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1 Introduction

In the fast-evolving landscape of the chip industry, the pursuit of quality is paramount
to ensure the reliability and functionality of semiconductor devices (Bechtler and
Velidandla, 2003; Krauter et al., 2017). Quality inspection, particularly at the wafer
level, is a critical task that demands axial precision in the nanometer range across an
extent of several tenths of microns (Colonna de Lega and De Groot, 2005; Strapacova
et al.,, 2017).

Established methods for optical inspection (Osten, 2018), such as white light
interferometry (WLI) and confocal microscopy, have been instrumental in achieving
high resolution (De Groot and Deck, 19955 Vogel et al., 2011). However, their
application in in-production or in-line quality inspection has been hindered by severe
challenges (Agour et al, 2015). Traditional optical inspection methods face practical
limitations due to their sensitivity to mechanical disturbances during the acquisition
process (Bergmann et al,, 2021). In addition, they are subject to other distortions from
various sources, including optical system imperfections (such as misalignment and focusing
errors), dust and reflections (Migukin et al., 2013). Moreover, the sophisticated imaging
systems associated with these methods are not only expensive but also heavy, rendering
them inflexible and slow.
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This paper introduces an innovative approach aimed at
these digital
holographic sensor paired with a wavelength-tunable laser as the

overcoming challenges by wusing a lensless
light source. This approach is based on our recently developed
fullfield lensless acquisition of spectral holograms or Flash-WLI
(Falldorf et al., 2023). Unlike traditional systems, this configuration
captures multi-spectral digital holograms, which are subsequently
utilized to evaluate the shape of a reflective specimen under test. The
lensless digital holographic sensor brings a paradigm shift in wafer-
level inspection, overcoming the limitations towards robustness and
flexibility of conventional white-light interferometers. Its compact
design eliminates the need for complex imaging systems, providing
flexibility and ease of integration into existing production lines.
Furthermore, the sensor’s ability to operate in a mechanically less
constrained environment enhances its suitability for in-line
applications. The wavelength tunability of the laser source adds
an extra degree of freedom to the versatility of the system, allowing
adaptability to different specimen characteristics.

In this publication, we delve into the principles, implementation,
and performance of the lensless digital holographic sensor in the
context of in-line wafer-level inspection. We present experimental
results based on a wafer test specimen, showcasing its efficacy in
providing precise, nanoscale-resolution measurements. The
proposed method not only addresses the shortcomings of current
inspection techniques but also paves the way for enhanced
efficiency, cost-effectiveness, and adaptability in the dynamic
realm of chip manufacturing.

2 Methods

Figure 1 shows the basic setup of Flash-WLI (Falldorf et al.,
2023). Tt represents a Michelson type interferometer with the
reflective specimen in one of the interferometer arms. Let us
denote the recorded intensity in the sensor domain by (Schnars
et al.,, 2015):

I, (X,Zl) = |un (x> z1)|2 + |rn (xle)lz +u, (.X,Zl) Ty (x> Z])

+uy (%, 21) - 1a (X, 21). (1)

In Equation 1 u, and r, denote object and reference wave
respectively, x is a coordinate in the sensor plane located at z;, and n
refers to the measurement number with wavelength A,. The
reference mirror is slightly tilted to facilitate the spatial carrier
technique to extract the coherence function

rn (X,Zl) :un(xrzl)‘rr): (X,Zl) (2)

from a single recorded hologram (Takeda et al., 1982). The basic idea
is to record multiple digital holograms with different wavelengths A,,
and to evaluate them in combination. The holograms can be
interpreted as spectral modes of a coherence function

N
I(x21) = ) Lu(x21), (3)

n=1

which can be used to numerically calculate the result of a

measurement with short coherent illumination, where the

coherence length depends on the bandwidth. The coherence
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FIGURE 1

The concept of Flash-WLI: The setup is a simple Michelson type
interferometer that enables the recording of digital holograms of the
object under test. The camera sits at a distance a from the beam
splitter cube in the recording plane z;. Both, the reference mirror

and the object plane z, have the same distance d from the cube. The
idea is to record multiple holograms with different wavelengths of
illumination. Based on these multi-spectral holograms, a coherence
scan is performed through variation of d, and thus z,, by Ad. The
results are similar to those of white light interferometry. However, in
the case of Flash-WLI, only a single set of multi-spectral holograms is
needed, because the scan is performed numerically by calculation of
the coherence function across various depth z; = —(a + d + Ad)
without any actual movement of the mirror.

function, given by Equation 3, will be maximum for light
reflected by parts of the object that share the same optical path
to the camera like the reference wave reflected by the mirror.
However, in order to determine those object parts, we have to
propagate the entire coherence function into the object plane z,,
i.e, calculate the spectral modes T, (x,z;) from the recorded
I, (x,2z1). This process involves the determination of both, the
propagated object wave u(x,z,) and the propagated reference
wave 1 (x,z;) and therefore requires the shape of the reference
wave to be known. Let us for example, assume a plane reference wave

ra(x,21) = 1o, - explik(2d + a)], (4)
with k = 27/A and amplitude 7. In this case, we can make use of
the independence of r,, from x and with the help of Equation 2 find

PucAln (%, 21)} = Pacun (x, 200} - 17 (%, 21) = up (X, 22) - 17 (%, 21).

(5)

where Pa.{-:-} represents a propagation operator, e.g., an
implementation of the angular spectrum method (Goodman,
2005), and Az =z, —z; = —(d +a) is the propagation distance.
Using Equations 4, 5 it is straight forward to arrive at

rn (x’ ZZ) = Uy (.X, ZZ) . r,j’ (x> Zz) = PAz{rn (X, Zl)} - €Xp [_lkAZ]
(6)

again, we can add the spectral modes to yield the coherence function
in the object plane z, = z; — (d + a)
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Experimental Flash-WLI setup employing spectral holography: (A) Photograph depicting the beam path of the Flash-WLI setup. Initially, a parabolic
mirror collimates a spherical wave, which is subsequently split into object and reference waves through a 50: 50 beam splitter. The object wave
illuminates the wafer surface under test (SUT), while the reference wave illuminates a flat reference mirror. The reflected light from both interferometer
arms is coherently superimposed, and the resulting hologram is recorded using the camera having a pixel pitch of 4.54 pm, positioned at a distance

of 81 mm from the SUT. (B) A bright light microscope image of the wafer test specimen consisting of a flat surface having equally spaced rectangular

structures with a height of 2 pm.

N
T(x,22) = ) Tu(x,22), (7)
n=1

Equation 7 gives us a focused image of those parts of the object that
have (within the limits of the coherence length) the same distance d
to the beam splitter as the reference mirror.

Hence, similar to white light interferometry, the shape of the
object can be retrieved by progressively changing the length of d
(and thus z;). This provides focal scanning through the object
volume while evaluating the corresponding coherence function
layer by layer, where large values of the coherence function
indicate object points in focus. Yet, if we change d we are in
principle required to move the reference mirror as well and
record another set of spectral holograms to be inserted into
Equation 6. However, since the reference wave is known and
assumed to be a plane wave, it is not necessary to make any
more measurements. Instead, we can calculate the spectral modes
T, (x,z1; Ad) expected from a movement Ad of the mirror by

T, (x,2z1;Ad) =T, (x,2,) - exp[-ik2Ad], (8)

which can be seen from replacing d by d + Ad in Equation 4 and
inserting the result into Equation 2. With Equations 7, 8, we can
calculate the result of a typical coherence scanning procedure, e.g., of
a WLI system, from only a single set of multi spectral holograms.
From the calculated stack of coherence functions, we can then
calculate the shape of the object using any evaluation method
established in the field of WLIL In our case, we evaluate the real
part of the calculated coherence functions and demand

h(X) = argmax,, [R{T (X, z»}]. 9)

In Equation 9, the height map h (x) represents the shape of the
surface. The great benefits of this method, when compared to
standard WLL are the very compact lensless sensor design and the
significantly lower number of required recordings with just a small
number of n wavelengths A,. The corresponding measurement
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systems are therefore light weight, flexible and have short
acquisition times. Furthermore, because no imaging optics are
involved, the method is almost immune against aberration effects
allowing for a large spectral bandwidth, a tight coherence envelope,
and therefore a low measurement uncertainty. Additionally, it can
be made robust against mechanical vibrations through phase
alignment of the spectral modes. However, the method does not
come effortless, as it requires a tunable light source, additional
computational demand and is limited by coherent speckle noise,
of the full
hologram recording.

because spatial coherence required for the

Finally, to ensure a good sampling of the spectral density and
optimally select the wavelengths, one needs to set I. = zp. Here, I,
denotes the coherence length of light emitted from the source and zp
is the depth of focus. Thus, the unambiguity range, A,, is given by

Falldorf et al. (2023).

Ar :N'lc) (10)

where N denotes the number of discrete lines required to perform
the measurement. This means the unambiguity range, given by
Equation 10, equals N times the depth of focus z_{D}.

3 Results and discussions

The experimental setup used to demonstrate the proposed
method is shown in Figure 2A. This configuration is derived
from the schematic shown in Figure 1. In order to achieve the
modulation of the interference pattern with the spatial carrier
frequency necessary for the extraction of individual coherence
functions from the corresponding digital holograms, the
reference mirror of the interferometer is tilted accordingly. The
test object, represented by the wafer test microstructures shown in
Figure 2B, is positioned at a distance of z; = 81 mm from the camera

area. In our experiments, we used an AVT Prosilica (GT 2750)
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(A,B) show the amplitude and phase of a single spectral mode T, in the camera plane, as obtained from the recorded hologram using the spatial
carrier method; (C,D) show amplitude and phase of the same mode of T, in the object plane, as calculated after the propagation using the plane wave

decomposition.

sensor with a resolution of 2048 x 2048 pixels and a pitch of
Ap = 4.54 pym in both directions. The fine structures of the wafer
microstructure test object, with a height of 2 um, were verified by
examination using a standard Keyence VKX-3000 white light
interferometer. This instrument is equipped with a 10x objective
and a numerical aperture of 0.3, allowing comprehensive validation
of the properties and dimensions of the test object.

A wavelength-tunable dye laser having a range starting from
560 nm to 615 nm served as a manually tuned light source in
conjunction with a HeNe laser emitting at 632.8 nm and a solid-
state laser at 488 nm, respectively, to expand the spectral width of the
illumination. In the context of digital holography, the numerical
aperture remains approximately constant for each object point, given
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by NA = (2048/2) - Ap/z; = 0.057. Depending on the wavelength, the
lateral resolution of the lensless sensor is approximately 6 um.

The field of view is limited by the object side numerical aperture
(the angle that the object includes with any pixel of the camera).
Thus, the FOV could be simply increased by increasing the distance
between the camera and the object. If the resolution shall be
preserved, the number of pixels must be increased, because in
this case the space-bandwidth-product of the imaging process is
increased (the image provides more information).

To capture a set of data, the dye laser was manually tuned from
572 nm to 604 nm in 1 nm increments, resulting in the acquisition of
33 multi-spectral digital holograms of the wafer under test.

Additionally, two holograms captured  with the

were
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The obtained 3D profile: (A) A height map of the wafer microstructure, and (B) the profile across the dashed black line in (A). The map shows square
microstructures with an average height of 2.07 ym. The measurement uncertainty is ¢ = + 2.5 nm (1o).

supplementary laser sources at 488 nm, and 632.8 nm. To calibrate
the measurement system, we also captured digital holograms with a
flat reference mirror placed in the object plane. The multi-spectral
digital holograms of the object measurements were thus calibrated
of these reference
measurements for every individual wavelength.

by subtracting the phase distributions

Please note that the camera exposure time is less is about 1 ms
but the AVT used can only capture 20 frames per second. However,
the tunable laser is manually adjusted so that each capture takes
approximately 5 s. As a result, it takes about 3 min to capture all the
holograms required. This time-consuming process could be
improved by using a faster camera and automating the laser tuning.

However, an important result of this study is that the number of
frames required for a measurement is at least one order of
magnitude smaller when compared to white-light interferometers,
which are often used for similar tasks.

Figures 3A, B examplarily show the amplitude and phase
distributions of the complex amplitude reconstructed from the
hologram captured at A = 632.8 nm. This complex amplitude is
reconstructed using the spatial carrier frequency method (Takeda
et al., 1982), where the linear phase associated with the carrier
frequency is removed. Subsequently, we make use of Equation 6 to
propagate each spectral mode I', (X, z1) into the object plane, yielding
I, (X, z2). This propagation is executed to bring the wafer background
into focus. It should be noted that the precision of choosing the
propagation distance is of little importance, since thereafter we select a
small background area as a common reference point, where the object
height is forced to be zero. This is accomplished by applying phase
offsets such that the reference area maintains an average phase value
of zero across each of the T',. It is crucial to emphasize that this
procedure is required for coupling all spectral modes and
compensating for any inadvertent movements of the setup during
the recording process. Figures 3C, D showcase an example of the
resulting complex amplitude (A = 632.8 nm) at that plane.

Now, applying the methodology outlined in Section 2 we
calculate the coherence function along the z-axis at intervals of
10 nm. In our investigation, we specifically compute the coherence
function at 3,000 depths, each separated by 10 nm. Figure 4A

Frontiers in Photonics 05

displays a height map of the test wafer, revealing a well-
reconstructed surface across its entire axial extent. In Figure 4B,
a line profile along the black dashed line is presented. The
measurements indicate that the square microstructures exhibit a
height of 2.07 pm, consistent with values obtained using the
standard WLI model integrated into the Keyence VKX-3000.

An analysis of the local surface fluctuations across flat areas of
the wafer reveals a deviation of + 2.5 nm (10), closely aligned with
the known production-related surface deviations of flat wafers. The
results in Figure 4 demonstrate the potential of the proposed lensless
multi-spectral digital holographic sensor. We required a set of only
35 recorded interferograms, to accurately measure the wafer
microstructures with nanometre precision.

4 Conclusion

In this work, we have investigated the principles, implementation
details and performance of the lensless multi-spectral digital
holographic sensor, i.e., Flash-WLI, and demonstrated its potential
in the field of semiconductor manufacturing. The method is based on
the acquisition of digital holograms captured at different wavelengths.
These holograms are then used to evaluate the shape of a reflective test
object. Unlike WLI, Flash WLI is a lensless, robust and compact
design that overcomes the limitations associated with conventional
optical inspection methods such as lens-based WLI, including high
requirements for mechanical vibration and bulky and heavy imaging
configurations.

The experimental results, derived from the examination of a
wafer sample, serve to demonstrate the effectiveness of the sensor in
providing high accuracy measurements. The reported measurement
uncertainty of +2.5 nm (equivalent to lo) demonstrates the
accuracy of the sensor’s measurements. In particular, this value
agrees well with the height measurement of 2 pm obtained by the
WLI model performed by the Keyence VKX-3000. This agreement
not only confirms the reliability of the sensor’s measurements but
also underlines its consistency with established techniques, thereby
increasing its integrity in the field of microstructure analysis. This
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level of accuracy positions the sensor as a reliable and highly
accurate tool for microstructure analysis in semiconductor
manufacturing.

The successful application of the sensor in semiconductor
manufacturing is a significant step forward, paving the way for
improved microstructure analysis and quality control in wafer
manufacturing.
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