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ABSTRACT

When using optical imaging systems in surface metrology, the lateral resolution is inherently limited. Microsphere-
assisted coherence scanning interferometry (CSI) and microscopy have attracted great interest, since with this
method, features with lateral dimensions below the classical diffraction limit can be resolved. A direct compar-
ison with topographical measurements obtained with a high-NA Linnik CSI using immersion objective lenses
reveals the different mechanisms that enhance the lateral resolution of the system. In this contribution, the 3D
transfer behavior of conventional, microsphere-assisted, and immersion CSI is analyzed, providing insight into the
mechanisms responsible for lateral resolution enhancement. This approach enables an in-depth understanding of
the transfer behavior of an interferometric system, including the diffraction orders introduced by the specimen
and the influence of microspheres and immersion objective lenses on their transmittance and distribution within
the Ewald limiting sphere.
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1. INTRODUCTION

Improving the lateral resolution of optical imaging systems is a topic that has attracted the interest and curiosity
of numerous researchers. When using a microscopic imaging system, the diffraction of light waves by the observed
specimen fundamentally limits the resolution capabilities of the system. Nonetheless, optical metrology provides
the advantages of measuring fast, contactless, and in many cases marker-free. Findings in this area cover topics
like advancements in fluorescence microscopy,? structured illumination application,® or near-field assisting
methods.*® However, many super-resolution concepts are tailored to fluorescence contrast or near-field scanning
and are not directly transferable to quantitative topography measurements in CSI.

In this contribution, different approaches to enhance the lateral resolution in CSI are presented and discussed.
In the axial direction, CSI provides a resolution in the single-digit nanometer range. However, laterally, the same
diffraction limitations as in conventional microscopy apply. Considering the 3D transfer behavior of CSI, this leads
to a complex analysis of the resolution, including its influence on the signal formation and signal processing.% "
The analysis of the transfer behavior has been studied in several publications and provides a solid foundation
for the development and application of these methods to more advanced imaging setups.®1?

Placing microspheres in the near-field of the specimen extends the optical imaging system and thus offers
the option of locally enhancing the lateral resolution. Recent publications show the significance and difficulties
in CSI thoroughly.!3"? Especially for systems of low numerical aperture (NA) of the microscope’s objective
lens, the resolution enhancement can be notable, though for high NA systems, the capabilities are limited.
Numerous studies on the working principles in microsphere-assisted imaging have been published.?° 23 Extended
investigations show the comparison with simulated results using a model including a rigorous simulation of the
near-field and a Fourier optical approach to the imaging system.?* 26 Microspheres can generate a magnified
virtual image and redistribute the object’s spatial frequencies into the resolved image region of the microscope
objective lens, albeit typically over a limited field of view and with strong dependence on the sphere parameters.
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Immersion microscopes are commonly used in biological applications,?”?® but rarely for interferometric sur-
face topography measurement.2?-3° Immersion increases the refractive index in the space between the sample and
the microscope objective, reducing the effective wavelength and, therefore, the angles of diffraction orders. This,
in turn, extends the accessible lateral spatial frequencies, and thus directly influences the 3D transfer behavior
of the system.?? Comparing the data in the 3D spatial frequency domain offers a deeper understanding of the
image formation. In the following, the influence of the different approaches towards resolution enhancement is
compared.

2. COMPARISON OF THE EXPERIMENTAL SETUPS

The experimental setup fundamental to the studies presented here is a high NA Linnik interferometer equipped
with two microscope objectives in the reference and measurement arm, respectively. As a light source, an LED
(royal blue, A = 450 nm with 20 nm bandwidth) combined with a diffuser is utilized. Imaging this light source
in the back focal plane of the objective lenses creates spatially incoherent Koehler illumination. A scientific
CMOS camera (Hamamatsu) captures the image stack to create the interferometric data set. Various manual
positioning stages enable a precise adjustment of the interferometer, that is necessary when using high-resolution
microscope objectives.

For the conventional measurement process, the interferometer is equipped with two high-resolution microscope
objective lenses from Olympus (NA = 0.9, 100x magnification). In the case of the immersion lenses, they are
replaced by two water-immersion microscope objectives with 60x magnification and an NA of 1.1. In addition,
the tube lens is changed to reach an overall magnification of 133. The arrangement is described in detail by
Stelter et al.?? and schematically shown in Fig. 1. Note, that for the immersion system both, the measurement
and the reference arm need to be aligned vertically since the immersion medium is inserted between objective
lens in the measurement arm and the specimen as well as between the reference objective and the reference
mirror.
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Image acquisition is done by performing a step-wise depth scan through the focus of the microscope objective.
Typically, the step size is 20 nm and with the images taken at each step, a matrix of measurement data known as
an image stack results. For each pixel, the interferograms are processed to reconstruct the height information of
the measurement object, using phase and envelope evaluation algorithms. For high-NA systems, special attention
should be paid on the parameter choices for the phase evaluation algorithm. As it is illustrated by Lehmann et
al.,” the spectral composition of the interferograms significantly changes, which requires adjustment to higher
values of the evaluation wavelength used for the algorithm when measuring structures with feature sizes close to
the resolution limit of the microscope system.

Regarding the resolution enhancement, two different approaches are compared. Microspheres placed in the
near-field of the specimen alter the propagation of the diffracted wave components. Immersion lenses function
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in principle similarly, since the whole surrounding medium of water leads to a different effective wavelength.
However, this does not alter the direction of propagation of waves diffracted by the specimen but the diffraction
angles change due to the wavelength reduction by the immersion medium. Figure 2 illustrates the different be-
havior of the scattering wave vectors for conventional, microsphere-assistance and immersion CSI for a diffraction
grating of given period length.
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Figure 2: Schematic representation of the scattering wave vectors forming for normal incidence on a grating
structure for a) the conventional use of a microscope objective; b) microsphere-assistance in the near-field of the
grating; ¢) an immersion microscope objective. The drawing is not true to scale for visualisation reasons.

The angle 6;, belonging to the incident wave vector k;, and the scattering angles 6; ,, of the scattered wave
vectors ks ,,, on a grating with a period length A follow3!

A(sin b ,, —sinb;,) = mA. (1)

The diffraction orders are indicated by m. For normal incidence, this is illustrated in Fig. 2a).

For the first case, which involves a microsphere placed in the near-field, the position of the diffraction orders
is directly affected by the microsphere, behaving as an additional optical element, altering the propagation of
the diffracted wave components (see Fig. 2b)). The additional magnification, introduced by the microsphere,
directly contributes to the formation of the diffraction angles.'%32 Therefore, for normal incidence

O Ms = arcsin (Mﬂ;[)s\./\) (2)

holds. It should be noted that, although this hypothesis is experimentally validated and one of the key working
mechanisms responsible for the resolution enhancement through microsphere-assistance, there is still a need for
in-depth research on the role of Whispering Gallery Modes or evanescent waves, as theoretical studies on this
field underline. % 33:34

In the second approach, using immersion CSI, the influence of the surrounding medium with refractive index
n (in this case water with n = 1.33) on the illumination wavelength and therefore on the scattering angles has
to be taken into account. Derived from this, the equation for the values of the scattering angles holds as

A(sin b, — sin6i,) = mN = mA/n, (3)

where )\ is the effective wavelength. Figure 2c) schematically shows the propagation of the diffracted wave
vectors for normal incidence.

Comparing the three different experimental situations, it becomes clear that the influence on the diffraction
angles and therefore on the intensity distribution in the spatial frequency domain is a dominant effect, which
has to be considered when analyzing the impact on the transfer behavior and the resolution limit. Thus, a
comprehensive analysis in the 3D spatial frequency domain, which is especially relevant for CSI, is carried out
and presented in the next section.
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3. ANALYSIS IN THE 3D SPATIAL FREQUENCY DOMAIN

Analyzing the 3D transfer behavior of CSI in the spatial frequency domain is a powerful tool to get insights
into the image formation process in interferometric applications. Characterizing this transfer behavior has
been a topic of numerous publications,® 11:3% and is also applied to microspere-assisted interferometry?%:32 as
well as immersion CSI.2? Derived from the Kirchhoff approximation, the 3D transfer function of CSI provides a
theoretical description of the complete image formation and can be considered independently of the measurement
object. It provides not only the limits of the transferred spectral components, but also the weighting of certain
spatial frequency components.

From the incident and diffracted wave vectors ki, and ks the so called g-space can be derived as®

sin Oy, cos iy sin O cos s
ki, = ko sinfy, singy, |, ks = ko sinfssinps | ,q = ks — kin- (4)
— cos b, cos b5

The 3D transfer function of a CSI is derived from the correlation of two apertures described as spherical caps,
assuming uniform intensity distribution in the pupil plane of the objective lenses.® The correlation results in the
function H(q, ko). The construction and outer extension of the Ewald limiting sphere is schematically depicted
in Fig. 3a). As for the analysis of microsphere-assisted and immersion CSI, especially the position of the first
diffraction order and the maximum lateral spatial frequency transfer range given by q, = +2koNA are relevant.
The position of the first diffraction orders is determined by g, +1 = £27/A, and therefore is independent of the
transfer characteristics of the CSI.

Now for a comprehensive comparison of the transfer characteristics, the 3D spatial frequency representations
of all three approaches to CSI (conventional, microsphere-assisted, and immersion) are compared quatitatively
and shown in Fig. 3b)-d). A rectangular grating with a period length of A = 300nm (SIMETRICS Resolution
Standard Type RS-N) is used as a measurement object in all three cases to ensure comparability. The Ewald
limiting spheres are shown in white.

For the first case in Fig. 3b), the first diffraction orders appear at ¢, +1 = £27/0.3pum = £20.9 pm~1'.
The specular reflection at g, = 0 um™"' is visible as well. The washed-out behavior of the spectral information
overlapping the limitations implied by the Ewald limiting sphere can be attributed to the spectral width and
reduced temporal coherence of the illumination LED.® This example is used as a reference to the two resolution-
enhancing approaches.

Figure 3c) illustrates the 3D transfer behavior in the case of microspheres placed in the near-field of the
specimen to function as a resolution-enhancing micro-optical additional element. As the white limitations of
the Ewald limiting sphere illustrate, the transfer function of the CSI itself is not manipulated. However, the
distribution of the spectral image information within the sphere differs significantly from the reference case
shown in Fig. 3b). The position as well as the spectral broadening have to be addressed. Derived from the
altered scattering angle, the near-field magnification of the microspheres Myg is taken into account and leads to
¢z, +1,Ms = £27/(MusA). Therefore, the position of the diffraction orders is shifted towards lower ¢, values and
the spectral information of measurement objects with high spatial frequency features appears in the imageable
region of the CSI. This behavior is underlined in other publications as well.?*32 Shifting the spectral information
also has a direct influence on the phase evaluation algorithm used for surface reconstruction.'® The spectral
broadening of the diffraction orders and the specular reflection is attributed to the aberrations (e.g. internal
reflections and altered beam paths) of the microsphere itself, which leads to more positions obtainable by the
k-vectors within the Ewald limiting sphere.

In the third case, immersion objective lenses are utilized. Therefore, the 3D transfer characteristics of the CSI
change, as it is depicted by the Ewald limiting sphere shown in Fig. 3d). Since the effective wavelength changes
in the water immersion used (see Fig. 2c)), the diffraction angles from the periodic grating structure differ and
lead to a different transfer function Hj(q, ko). The significant part of resolution enhancement is the shift of the
outermost limits to higher g, values. This enables the system to resolve structures with higher spatial frequency
components. It should be noted that, although the resolution capabilities of immersion CSI are improved, due
to the different surrounding medium, the maximum acceptance angle of the lens is approximately 56°, which is
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Figure 3: a) Schematic representation of the Ewald limiting sphere construction, including the two spherical
caps used for the construction. The limitations of the function H(q, ko) are shown in orange. The positions of
the first diffraction orders in blue. b)-d) 3D transfer behavior for b) conventional, ¢) microsphere-assisted, and
d) immersion CSI using a 300 nm period length grating as a measurement object. The Ewald limiting spheres
are shown in white.

lower in comparison to conventional lenses, where it is approximately 64°. This is especially significant for the
measurement of steep slopes.

4. CONCLUSION

With the findings presented here, a comprehensive comparison of the 3D transfer characteristics of microsphere-
assisted and immersion CSI is pointed out. The knowledge about this fundamentally different origin of lateral
resolution enhancement is essential for the correct interpretation of reconstructed topography data and for the
targeted design of CSI systems: microsphere-assistance primarily remaps object spatial frequencies within the
Ewald limiting sphere without extending the system transfer function, whereas immersion directly modifies
H(q, ko) by increasing the accessible lateral spatial frequencies.

These results provide practical guidance for selecting the appropriate approach depending on the measurement
task, field-of-view requirements and experimental constraints. For example, the field of view of an immersion
system is typically much wider compared to the small area imaged by a single microsphere. Future work will
address a quantitative parameter study of microsphere properties and immersion conditions and will investi-
gate combined configurations as well as improved models for frequency remapping and potential distortions in
microsphere-assisted CSI.
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