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ABSTRACT

Confocal and interference microscopy are the two most widely used optical techniques for surface topography
measurement. Nonetheless, due to diffraction effects, which are inevitable in optical far-field measurement
methods, both techniques are limited in their lateral resolution. In contrast to conventional microscopes, where
the lateral resolution is usually defined by a single number such as the Abbe limit, a more comprehensive
(3D) characterization of resolution is required for surface topography measurement. The instrument transfer
function (ITF) provides the height response of a profiler as a function of the surface’s lateral spatial frequency
content assuming linear systems theory. Comparing numerically calculated ITFs, we outline that interference
microscopy can outperform confocal microscopy in terms of both, lateral and axial resolution, provided that
appropriate signal processing is being used.
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1. INTRODUCTION

Optical profilers operating in the measurement object’s far-field are widely used for a fast and contactless in-
spection of surface textures. Interference! ™ and confocal microscopy (CM)* 6 are the most common optical
measurement techniques for analyzing surface topographies with geometric features in the micro- and nanoscale.
Similar to all optical profilers detecting scattered light in the object’s far-field, confocal and interference micro-
scopes are diffraction limited resulting in a lateral resolution in the range of hundreds of nanometers.

The lateral resolution of microscopes is usually defined by a single value such as the Abbe limit or Rayleigh
criterion” assuming that the measurement object is placed in the focal plane of the microscope objective. For
quantification, the imaging of gratings of certain period length or point scatterers, resulting in the so-called
point-spread function (PSF), is considered. The minimum resolvable period length of a grating or the lateral
width of the PSF provide a measure for the lateral resolution. Since the full width at half maximum (FWHM)
of the PSF for confocal microscopes is theoretically narrower than for conventional microscopes,®®? confocal
microscopes are usually assumed to offer slightly improved lateral resolution.

With regard to axial resolution, interference microscopy detects phase information enabling a height resolution
with repeatability in the subnanometer range,?? which is in principle independent of the numerical aperture
(NA) of the microscope objective. In contrast, the axial resolution of confocal microscopes depends on the width
of the axial response curve, which is mainly due to the NA. The height resolution of confocal microscopes is
typically in the order of a few nanometers assuming microscope objectives of high NA.6

However, with respect to surface topography measurements, a single value for lateral or axial resolution is not
sufficient, since the detected surface height response depending on the feature size plays a crucial role. To over-
come this issue, the so-called instrument transfer function (ITF), which describes the measured amplitude of a
sinusoidal surface depending on the spatial frequency, is currently used.' '3

In this study we compare numerically calculated ITF curves for confocal and interference microscopes. Rep-
resentative for interference microscopy, coherence scanning interferometry (CSI), also referred to as white light
interferometry (WLI), is considered as one of the most commonly used techniques.® Simulations are performed
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with the so-called universal Fourier optics (UFO) model, which can be applied to CSI'* as well as confocal

microscopy.'® The UFO model provides fast simulation results of the measurement process assuming that the
measurement object’s surface fulfills the limitations of the Kirchhoff approximation of physical optics as described
by Beckmann and Spizzichino.'® However, since the ITF is usually defined based on sinusoidal surfaces of small
amplitude, the assumptions of the Kirchhoff approximation are satisfied. Thus, rigorous models published in
previous studies'” ' are not considered for computational reasons. It should be noted that the UFO model
provides similar results as the so-called Kirchhoff pupil integration model?® and the foil-model?! as shown else-
where.??23 In addition, the UFO model is similar to the elementary Fourier optics model,?*2° but more general
since the measurement process is described in terms of a three-dimensional (3D) transfer function (TF) instead
of the two-dimensional (2D) modulation transfer function (MTF).

Previous studies demonstrated that the signal processing algorithm used to reconstruct the surface height from
measured image stacks and the fringe frequency, at which the phase of the image stack is analyzed, significantly
affect the lateral resolution and the surface height obtained by CSI instruments.?5 2% Using an adapted signal
processing strategy, we outline that CSI outperforms confocal microscopy with respect to 3D resolution.

2. MODEL AND SIGNAL PROCESSING

The 3D transfer function, which describes the measurement process of CSI as well as CM in the 3D spatial
frequency domain (g-space), builds the basis of the UFO model. Figure 1(a) displays a cross-section of the 3D
TF in the ¢,q.-plane for a microscopic setup of NA = 0.9 and monochromatic light of wavelength A = 440 nm.
The equations used to calculate the 3D TF are derived in a previous publication.?? It should be noted that
the 3D TF refers to the electric field and not to the intensity. However, as outlined elsewhere,?® both, the
measurement processes of CSI and CM, can be modeled by integration of the electric field components and
thus are mathematically well represented by the given transfer function. A general description of the setups
considered and their modeling is published by Pahl et al.?%

Image stacks, which correspond to a set of images captured by a camera at different axial positions of the
measurement object, can be described in the 3D spacial frequency domain by the product

I(q) = H(q)us(q) (1)
of the 3D transfer function H(q) and the scattered field us(q). According to the phase object approximation,'6
the scattered field can be written in terms of

us(q) = Foy {e7101EV Y, (2)

where q = (¢s, ¢y, q-) = ks — kin is the spatial frequency vector with the scattered and incident wave vectors kg
and kin, h(z,y) represents the surface height function and Fay denotes the 2D Fourier transform in the lateral

x and y directions.'* Figures 1 gb) and 1(c) show I(q) considering the transfer function displayed in Fig. 1(a)
and a sinusoidal surface height function with a peak-to-valley (PV) amplitude of 25 nm and a period length of

L, = 2.5pm (Fig. 1(b)) or L, =400nm (Fig. 1(c)). Due to the periodicity of the grating, diffraction orders
appear at discrete positions ¢, ,, = 2mn/L,. As a consequence, more diffraction orders o ccur at smaller lateral

spatial frequencies for L, = 2.5pm compared to the grating of L, = 400nm, where only the Oth and +1st
order of diffraction are within the limits of the 3D TF. With respect to the shape of the 3D TF (see Fig. 1(a)),

the axial spatial frequencies, at which the diffraction orders are visible, differ de pending on the la teral spatial
frequency component. This effect plays a crucial role for t he choice of appropriate signal processing parameters
as demonstrated later in this section.

Note that in the case of confocal microscopy, the measured intensity is not proportional to the strength of the
scattered electric field. Hence, Eq. (1) is only valid for CSI. With respect to CM, the electric field in the spatial
frequency domain is represented by the field distribution

Umeas (OI) = H(Q)US(q) (3)

The field captured in the image plane follows from the inverse 3D Fourier transform and the intensity is obtained
bY Imeas(T) ~ |Umeas(r)|?, where r represents the lateral coordinates and the focus position z of the object. For
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more information on the UFO model for CM, we refer to Rosenthal et al.'®

In order to reconstruct the surface topography from CSI image stacks, the envelope of an interference signal is
analyzed to avoid ambiguities. For higher precision phase analysis is performed.!*3° The maximum intensity
and the corresponding axial position of the envelope is determined using a Gaussian fitting algorithm for each
camera pixel. The phase is obtained for each pixel of the image stack at a certain axial spatial frequency
Qz,eval also referred to as fringe or evaluation frequency. Figure 1(d) displays cross-sections from Fig. 1(a) at
certain g, positions marked by horizontal lines of the same color. The cross-sections demonstrate that the
transfer behavior significantly d epends on t he a xial s patial f requency, w hich can b e a ccessed by t he c hoice of
Qz.eval- The blue line corresponds to the axial position of maximum bandwidth. The red line is extracted
from a higher spatial frequency and has a smaller bandwidth. Note that adjusting the axial spatial frequency
in CSI signal processing is not state-of-the-art. Instead, CSI image stacks are typically analyzed at a so-called
equivalent frequency (or analoguously equivalent wavelength), which is determined from analytical considerations
or calibration measurements.?%2%3! This equivalent wavelength generally lies somewhere at higher ¢, positions
compared to the blue line, and hence the bandwidth is worse. The green line is extracted for a small fringe
frequency, which is below the blue line. In this case, the bandwidth is again worse and the transfer function
does not act as a low-pass filter, but as a band-pass fi lter. However, the maximum detectable lateral frequency
is increased compared to the blue line. Therefore, if for instance gratings of small period length are to be
measured (see e.g. Fig. 1(c)), the image stack should be analyzed at small fringe frequencies to achieve the best
lateral resolution. Figure 1(e) shows reconstructed sinusoidal gratings for two different e valuation frequencies.
The nominal grating with PV amplitude of 25nm and L, = 400nm is plotted in blue. As demonstrated,
the amplitude of the reconstructed profilesisreduced for b oth fringe f requencies. H owever, t he h eight differs
depending on the fringe frequency. Thus, the fringe frequency is adjusted depending on the period length in order
to obtain the best topography fidelity'?in this p aper. It should be mentioned that especially for small amplitudes
the scattered field (see Eq. (2))isapproximately p roportional t o t he surface h eight.?” A's a c onsequence, the
reconstructed amplitudes can be related to the values of the transfer function at the specific evaluation frequency.
Figure 1(f) displays a cross-section of a 3D TF in ¢,q.-plane for NA = 0.9, but in this case for a broadband
light source of central wavelength A. = 440 nm and full width at half maximum (FWHM) of 80 nm. The spectral
distribution is assumed to be a Gaussian function as described in Ref.'* Due to the spectral width of the light
source, the high lateral spatial frequency components of the transfer function are blurred. This observation is in
agreement with a previous publication.?® Therefore, we expect to obtain a lower amplitude from gratings with
small period lengths using broadband compared to (nearly) monochromatic light sources.

In the case of confocal microscopes, the phase is not accessible. Instead, a narrower intensity curve is analyzed
as a result of the depth response. The maximum intensity is then found by using a Gaussian fitting algorithm.
More information on existing signal processing algorithms for confocal microscopes is provided by Hagemeier et
al.3> With respect to broadband light sources, the spectrum of the light source cannot be considered in one 3D
TF as done for CSI and shown in Fig. 1(f). Instead, the intensity Iieas is calculated for several monochromatic
wavelengths apparent in the spectrum and the total intensity is obtained by integration.
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Figure 1. a) Cross-section of the 3D transfer function in g-g.-plane for NA = 0.9 and monochromatic light of A = 440 nm;
b), ¢) Fourier transformed CSI image stacks simulated for sinusoidal gratings with PV-amplitude of 25nm and period
length of 2.5pm (b) and 400nm (c); d) Line plots extracted from (a) at the positions of the lines of same color; e)
Nominal (h) and reconstructed (hrec) of sinusoidal grating from (c) with evaluation frequency of g ,eva1 = 20.5 pm~! and
Qz,eval = 23.84 pmfl; f) Cross-section of the 3D transfer function in ¢.q.-plane for NA = 0.9 and broadband light of
Ae = 440 nm and FWHM = 80 nm.

3. RESULTS

Using the simulation model introduced in Sec. 2, ITF curves are simulated and compared for CSI and CM
considering monochromatic and polychromatic light sources. Since ISO standards'® do not prescribe a specific
amplitude, ITF curves are calculated for sinusoidal gratings with two different PV-amplitudes of 25 nm and 50 nm.
The period lengths considered range from 100 nm to 10 pm yielding a spatial frequency range from 10pm=! to
0.1pm~!. In addition, we assume a numerical aperture of 0.9, a perfectly reflective s urface, and homogeneous
illumination of the microscope objective’s back focal plane for both measurement techniques. With CSI, the
reconstruction of the surface topography is carried out by phase evaluation according to'*3° as described in
more detail in Sec. 2. Since the transmission behavior of the TF differs d ependingon g .,seeFig. 1 (d), an
optimally selected g eval improves the results. In this context, a newly developed signal processing algorithm
is applied in CSI, which performs the phase evaluation at an optimal ¢, cva1 value. The goal is to optimize the
lateral resolution.

Figures 2(a) and 2(b) show ITF curves for CSI and CM with a PV-amplitude of 25 nm and 50 nm, respectively. In
Fig. 2(a), the ITFs are simulated assuming monochromatic light of A = 440 nm for both measurement techniques.
The results show that using CSI the ITF for spatial frequencies from 0.1 pm~' to 1 pm~! remains almost equal
to 1 and shows a characteristic curve that is typical for CSI.'' However, the ITF for CSI shows a minimal
dependence on the height of the surface structure, which can be seen in the range of 1.5 pm~!, where a small
step is visible for A = 50nm. This dependence could be due to the signal processing algorithm and requires
further investigation. It should be mentioned that a similar step is visible in experimental data published by de
Groot.'" For spatial frequencies of more than 4 pm~! - which correspond to period lengths below 250 nm - the
ITF drops rapidly. This can be attributed to the resolution limit of Abbe.”

In the case of CM, which works without a reference arm, the reconstruction is carried out by a Gaussian fitting
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Figure 2. a) Simulated ITFs for CM and CSI with monochromatic illumination of wavelength A. = 440 nm; b) Simulated
ITFs for CM and CSI with polychromatic illumination with a center wavelength of A\; = 440nm, FWHM = 80nm and a
PV-amplitude of 25nm and 50 nm. For CSI, the reconstruction of the input structure is performed for values of ¢ cval,
for which an optimum topography fidelity is a chieved. In case of CM, a Gaussian fitting algorithm is used to reconstruct
the height profiles from the image stack.

algorithm used to determine the maximum of the axial intensity curve for each pixel in the image stack as
outlined by Hagemeier et al.>?> The ITF for CM is shown in Fig. 2(a) for both PV-amplitudes. The ITFs for
different heights are approximately congruent, but both I'TFs exhibit slight j umps. These can be explained by the
use of monochromatic illumination, because the 3D transfer function has a clearly defined geometry with sharp
boundaries for monochromatic illumination. In combination with the discretization in g-space, steps arise at the
arc of the 3D TF.?"2® These in turn lead to a varying rise and fall in the simulated ITF, as shown in Fig. 2(a).
Using polychromatic illumination, the 3D TF for CSI becomes blurred with increasing FWHM as demonstrated
in Fig. 1(f). This effect has already been investigated by Lehmann et a 1.8 In the case of CM, intensities obtained
for different wavelengths s uperimpose. A s a result, the ITF curves for CSIand CM in Figure 2 (b), which are
obtained assuming a broadband light source of FWHM = 80 nm, become clearly more smooth.

The differences are p articularly noticeable at s patial frequencies greater than 1.5 p m~!. In this range, the ITF
for CM decreases almost linearly and reaches zero crossing at 2.4pm~!. After this zero crossing, the phase of
the reconstructed profile is inverted and the ITF reaches a minimum at 3.1 pm~! with a ratio of -0.316 between
the reconstructed and nominal surface amplitude. The ITF then rises to zero again due to the fundamental
resolution limit.

A similar behavior of the ITF can be observed for CSI, if the height reconstruction is based on the position of
the maximum of the envelope. The dashed blue line in Fig. 3(a) displays the ITF of CSI obtained using envelope
evaluation. The dashed green line, representing the ITF for CM corresponds to the dashed green line in Fig. 2(a).
This type of signal processing can lead to an inversion of the height values of the reconstructed profile for CSI
with small period lengths, as already shown by Lehmann et al.?® Since the signal processing applied to CSI
and CM image stacks are similar (for envelope evaluation in case of CSI) and in Fig. 3(a) the ITFs even appear
congruent, we assume that the inversion of the reconstructed profilein CM issubject t o t he same causes as in
CSI. With regard to larger period length, the amplitude is overestimated by a factor up to 1.5 for both, CM and
CSI with envelope analysis. Such an overestimation has already been observed in previous studies especially for
CSI'" and is explained by Lehmann et al.?® Due to similar microscopic transfer characteristics of CM and CSI,
the explanation probably holds for CM as well.

Figure 3(b) shows the ITF for CSI and CM for polychromatic illumination of A\ = 440 nm and FWHM = 80 nm.
Note that no significant differences are obtained be tween PV -amplitudes of 25 nm and 50 nm as already shown
in Fig. 2. Thus, Fig. 2(b) displays results for 50 nm only. However, the ITF of CSI and CM show minimal

Author copy. Copyright 2025, Society of Photo-Optical Instrumentation Engineers (SPIE), see last page for details.



a) Monochromatic Light b) Polychromatic Light

1.5 1.5 4 2T
,v" N ‘éél
U a
'o" \ —‘f‘
1.0 ‘ 1ol
\
. \
E 0.5 \‘ 0.5 1
)
\
\\
0.0 1 o et e 0.0
\
—=- M v/ —=- M Wt
4
——=- CSI \/ —=- CSI
—0.5+ T —0.5 T :
10! 10° 10" 107! 10° 10!

Spatial Frequency (um™)

Figure 3. a) Simulated ITFs for CM and CSI with monochromatic light of 440nm and a PV-amplitude of 50nm; b)
Simulated ITF for CM and CSI with polychromatic light with center wavelength A\; = 440nm, FWHM = 80nm and a
PV-amplitude of 50nm. For CSI and CM a Gaussian fit algorithm is used t o reconstruct t he t opography d ata for each
pixel of the image stack. For better comparability, the same CM curves as shown in Fig. 2 (a) and (b) are presented here
again.

differences in contrast t o m onochromatic i llumination. E specially in t he inversion area, t he I'TF valueis larger
for CSI with -0.185 than for CM with - 0.26. If the absolute values in the inversion area are considered, CM
shows a slightly better lateral resolution, although the same signal processing algorithm is used.

In sum, the ITF for CSI under consideration of phase analysis yields an improved lateral resolution compared
to CM. Confocal microscopy suffers f rom o verestimation f or l arger p eriod l ength, a z ero-crossing a nd spatial
frequency range, where the measured profileisi nverted. E specially, t he z ero-crossing, w here t he a mplitude of
the measured profile is zero for a certain period length, and the range of inversion reduce the accuracy of confocal
microscopes significantly, when surface topographies with features of small geometric extent are to be measured.
Similar results are obtained for CSI if the profile reconstruction is solely based on envelope a nalysis. Comparing
CM and CSI envelope results, CM shows a slightly improved resolution for small period length, which is in
agreement with previous results comparing confocal with conventional microscopes.% &9

4. CONCLUSION

The instrument transfer function is simulated for confocal microscopy and coherence scanning interferometry
(CSI) to compare both measurement techniques with respect to 3D resolution. The simulation model uses the
phase object approximation and is fast as well as accurate as validated in previous publications.??23 In order
to achieve the optimal 3D resolution for coherence scanning interferometers, the signal processing is adjusted
appropriately. The calculated ITF curves demonstrate that CSI provides more accurate results compared to
confocal microscopy if phase analysis is used. In contrast, results obtained by confocal microscopy are similar
and only slightly better compared to those obtained by CSI envelope analysis. In general, the detected amplitude
is overestimated for longer period lengths and the topography is inverted for shorter period lengths. In addition,
a zero-crossing appears for a certain frequency between the overestimation and the inversion ranges, which
significantly d isturbs m easurements f or s pecific pe riod le ngths. He nce, care mu st be ta ken to an alyzing the
results of confocal microscopy and CSI with envelope evaluation for surface periods, which are close to the lateral
resolution limit. In sum, we demonstrated that CSI provides better results analyzing measurement objects with
surface features close to the lateral resolution limit if appropriate signal processing is used.

Since the results presented are solely based on numerical calculations, experimental validation is planned for
future studies. Effects such as inversion and overestimation have already been demonstrated and explained
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for CSI, but not yet for confocal microscopes. In addition, the signal processing and the adjustment of the
corresponding parameters such as the fringe frequency at which CSI signals are analyzed, can be subject to
further improvement aiming at a fully automated signal processing, for instance.
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