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RESEARCH PAPER

Coherent Fourier scatterometry using rotational 
scanning

Sarika Soman ,* Bastiaan In �t Velt, Roland Horsten, and Silvania Pereira
Delft University of Technology, Department of Imaging Physics, Delft, The Netherlands

ABSTRACT. We present a rotation-based coherent Fourier scatterometry (CFS) system for high- 
speed, high-resolution surface metrology. Traditional CFS systems rely on piezo- 
electric stages for point-by-point raster scanning, which limits scan speed due to 
constant accelerations and decelerations. In our approach, the fast-axis piezo stage 
is replaced by a rotation stage moving at constant angular velocity, whereas the 
slow-axis piezo is used to step radially outward to generate concentric scan paths. 
We introduce a frequency spread�based technique to compensate for probe center- 
ing deviation and demonstrate the capability of measuring axial wobble using depth- 
sensitive CFS signals. Application of the system is shown through the detection of 
0.4 μm polystyrene latex particles and the calibration of etched pits with diameters 
ranging from 225 to 1125 nm at the wavelength of 633 nm. The proposed system 
offers a scalable and low-complexity solution for fast, noncontact nanometrology.
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1 Introduction
Fast, accurate, and robust metrology tools are critical in modern manufacturing environments for 
enabling real-time process monitoring and reducing production bottlenecks. 1�4 Traditional high- 
resolution tools, such as scanning electron microscopy and atomic force microscopy, are limited 
by slow scan speeds, destructive testing, and strict operational requirements. 5,6 Optical tech- 
niques such as scatterometry overcome these limitations by offering rapid, noncontact measure- 
ment capabilities. 7�9 

Scatterometry refers to a broad category of model-based optical metrology methods 10�13 that 
work by directing light beams at various angles or wavelengths onto a sample and analyzing 
changes in polarization or intensity in the far field. Coherent Fourier scatterometry (CFS) is 
an advanced scatterometry technique in which the scattering response of multiple plane waves 
from different angles is measured simultaneously. 14 This technique has been successfully applied 
to a wide range of applications, including diffraction grating characterization, 15 nerve crossing 
detection, 16 defect detection on SiC layer for power electronics, 17 and nanoparticle characteri- 
zation on Si wafers and plastic substrates. 18 CFS uses a focused spot, generated using an objec- 
tive, as a probe to scan the sample surface. The light after reflection from the sample is collected 
by the same objective. The reflected field is measured using a detector placed in the Fourier 
plane, i.e., the back focal plane of the objective. The field recorded in the Fourier plane for each 
scan position is stitched together to create a scattering map of the sample surface.
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Owing to its small spot size, the use of a focused spot as a probe enables high spatial res- 
olution. However, additional scanning mechanisms are therefore required to scan a complete 
sample surface. In conventional CFS setups, the sample is scanned laterally using 2D piezo 
stages. However, it comes at the cost of long scan times for large scan areas, posing a significant 
limitation for many industrial applications. To address this drawback, we previously proposed a 
scanning strategy using parallel probes to reduce the scan time for a given scan area. 19 The scan 
time reduces with the number of probes, but the drawback is that each probe requires its own 
detector and acquisition channels. This can increase the electronic complexity as the number of 
probes increases. Another strategy would be to use a different kind of mechanical scanning. 
In this work, this approach is implemented using a rotation-based scanning. 

Raster scanning traditionally employs two piezo stages: one along the fast axis and another 
along the slow axis to create a 2D map. Figure 1 shows the input waveforms applied to the two 
stages and the corresponding raster pattern traced on the sample surface. The piezo stage along 
the fast axis, following a triangular waveform, must accelerate, decelerate, and reverse the motion 
for each line, whereas the slow-axis stage moves incrementally following a staircase or slow 
ramp signal. 20 This repeated start�stop motion limits scan speed and throughput. Each reversal 
requires settling time, slowing the process for large-area scans. 20 High speeds can also excite 
mechanical resonance in the system, causing vibrations that reduce positional accuracy. 21 To 
avoid this, systems must operate below resonance limits, further reducing speed. 

Rotational scanning avoids these problems using a rotation stage that moves at constant 
angular velocity. 22�25 This eliminates start�stop motion and keeps vibrations low. In the proposed 
solution, the fast-axis motion is replaced by the rotation stage, whereas the slow axis is handled 
by a piezo stage stepping outward in concentric circles. The result is smoother motion, higher 
scan speeds, and better throughput. In addition, it is cost-effective and simplifies the control 
system while being able to scan large areas with high resolution. In this setup, we use a staircase 
waveform for the slow-axis motion, leading to a concentric circle scan pattern. Using a slow ramp 
signal instead generates a spiral scan pattern. 

Despite its advantages, rotational scanning presents new challenges. One of the primary 
concerns is the centering deviation of the probe. 26�29 When the probe, i.e., the focused spot, is 
misaligned with respect to the rotational axis of the stage, it introduces distortions in the recon- 
structed scan. To address this, we propose a simple and general solution to minimize this deviation 
without requiring additional sensors or calibrated targets. The method uses the spread in the fre- 
quency spectrum of the scan signal at different radial distances to minimize the centering error. 

Nonuniform sampling is another potential challenge. Scanning speed increases as a linear 
function of the scan radius. This means that, at constant sampling frequency, as the scan radius 
increases, the sampling becomes increasingly sparse and can also influence the measurement 
accuracy. Possible solutions are either to vary the angular velocity of the rotation stage inversely 
with the scan radius or to adaptively increase the sampling rate. For the limited scanning range in 
our setup, neither option was considered to be necessary, and both the sampling rate and the 
angular velocity were kept fixed. However, for larger radial distances, different solutions should 
be implemented.

Fig. 1 Schematic of raster scanning. (a) Input waveforms used to drive the piezo stages along the 
fast (x ) and slow (y ) axes. (b) The raster pattern traced on the sample surface.
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Finally, the error motion of the rotation stage can also introduce challenges. The axial and 
radial runout errors of the rotation stage can distort the sample scan signal. 30�32 Depending on the 
mechanical precision of the rotating stage, additional servos might be required to track focusing and 
tracking errors. 33 This was not considered necessary for the rotation stage used in our setup. None- 
theless, we detail a method to estimate the axial wobble of the system using the CFS scan signal. 

The remainder of the paper is organized as follows: Section 2 covers the theoretical foun- 
dation, Sec. 3 describes the experimental setup, Sec. 4 discusses reconstruction methods and 
probe offset correction, Sec. 5 presents axial wobble measurement, Sec. 6 shows practical appli- 
cations, and Sec. 7 summarizes conclusions and future directions.

2 Measurement Principle
CFS is a model-based optical metrology tool used for precise nanostructure characterization. 
It uses an objective lens to transform a collimated beam into a focused spot on the sample, 
where each point in the back focal plane of the objective corresponds to a distinct angle of 
incidence. The scattered field reflected from the sample is captured by the same objective lens, 
and the field at the Fourier plane (corresponding to the back focal plane of the objective) is 
recorded using a camera or split detector for further analysis. 14 

The split detector consists of a bi-cell with two photodiodes (L and R) positioned side by 
side. It is placed at the Fourier plane and positioned to ensure that the scattered field is incident at 
the midpoint between the two photodiodes. Each diode integrates the field it receives, and the 
difference signal, L − R, is recorded. The bi-cell is oriented such that the two photo diodes lie on 
a line parallel to the direction of the scan. 

When the scattered field is symmetric, the difference signal is 0. As the focused spot is 
scanned across the sample, asymmetries in the scattered field produce a nonzero difference sig- 
nal. Figure 2 illustrates a simulated scan signal of a focused spot (linearly polarized at the Fourier

Fig. 2 Simulation of the CFS in the Fourier plane signal using a 0.4 NA focused spot with 633 nm 
wavelength to scan a pit of 400 nm diameter and 150 nm depth etched into Si. (a) The position of 
the focused spot with respect to the etched pit and (b) corresponding intensity of reflected field in 
the Fourier plane, for points on the (c) difference signal shown in dashed lines. The difference 
signal is generated from multiple simulations with different positions of the spot with respect to 
the etched pit. The polarization at the objective is linear, along the x -axis.
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plane in the x-direction, 0.4 NA, 633 nm wavelength) scanning across a circular pit with a 
400 nm diameter and 150 nm depth. The field intensity at the Fourier plane is shown for various 
spot positions. Details of the simulations are provided in Appendix A.

3 Experimental Setup
The experimental setup is shown in Fig. 3. The CFS scan head consists of the following: Laser 
(FP-D-635-1P-C-C, Laser Components, Olching, Germany) generating 1 mW, 635 nm wave- 
length collimated light, Lens L1, an aspheric lens of 0.65 NA with focal length of 2 mm and 
lens L2 with focal length of 25 mm; beam splitters BS1 and BS2; split detector SD, consisting of 
a bi-cell (SD 113-24-21-021) for generating the difference signal; and CCD camera for localizing 
areas of interest. The collimated light from the laser is focused on the sample using L1. The 
scattered light after reflection is captured using the same lens. L2 images the Fourier plane 
or the back focal plane of lens L1 onto the detector. BS2 splits the reflected light onto a camera 
and a split detector. 

The entire setup is enclosed in a custom-made, 3D printed housing and mounted on a 
piezo x − y − z translator (P-611.3S NanoCube, Physik Instrumente, Karlsruhe, Germany) 
for slow-axis movements and focus positioning. There are additional manual translators for 
coarse adjustments. The rotating stage (Precilec 36SMOP-17, VDL ETG, Eindhoven, The 
Netherlands) is a DC torque motor controlled using an external voltage supply.

3.1 Scanning and Synchronization 
The sample is scanned using a combination of the rotation stage and the x or y piezo translator. 
The sample is mounted on the rotation stage, which rotates continuously at a frequency of

Fig. 3 (a) Schematic of the CFS setup used for scanning with L1 and L2�lenses with 2 and 25 mm 
focal lengths, respectively; BS1, BS2�beam splitters; SD�split detector, 635 nm laser; and a 
camera to localize areas of interest on the sample. (b) Photo of the setup on the optical table.
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f rotation . The CFS scan head is moved radially using the piezo translator. The resulting scan 
pattern consists of concentric circles with increasing radii. The piezo stage steps by a predefined 
amount, dr < spot size, as the rotation stage completes one rotation or after every 1∕f rotation 
second. 

Due to the absence of a rotation stage encoder, a simplified rotation counter was built to 
synchronize the piezo stage with the rotation cycles. The rotation sensor consists of a laser, a 
photo diode, and a scattering object fixed on the rotating cylinder. As the scattering object passes 
through the laser beam, it reduces the reflected light received by the photo diode, creating dips in 
the recorded signal. These dips are used as markers to count rotation. Figure 4(a) shows an exam- 
ple of the rotation sensor, piezo (x-axis), and difference signals acquired during a sample scan 
[1 μm polystyrene latex (PSL) particle on Si]. The dips from the rotation sensor are used to 
trigger the piezo to step in the radial direction, whereas the difference signal is acquired 
continuously. The split detector, rotation sensor, and piezo feedback data are digitized by a data 
acquisition card (NI 9222, National Instruments, Austin, Texas) and recorded by the computer. 

Figure 4(b) shows a schematic of the signal generation during the scanning of a particle on a 
flat substrate. The red lines follow the scan lines across the sample surface. The difference signal 
plotted in black illustrates the variation in peak-to-peak amplitude of the difference signal as a 
function of the offset between the particle center and the scan line. A similar trend can also be 
seen in the example difference signal, as shown in Fig. 4(a).

4 Surface Topography Reconstruction
Feedback signals, generated by the rotation sensor and piezo stage, provide real-time positional 
data that correlate the scanned signal to specific sample locations. The information on the radial 
coordinate is given by the piezo feedback, and the azimuthal position is calculated from the 
rotation counter sensor. Assuming uniform sampling, the azimuthal position of i �th data sample 
is 2π i∕N , where N is the total number of samples per rotation. Figure 5(a) shows the polar 2D 
representation of the scan signal. The sample is a three-line Si grating. Polar to Cartesian coor- 
dinate transformations follows the simple relation

EQ-TARGET;temp:intralink-;e001;117;177x i ¼ r i cos θ i ; (1)

EQ-TARGET;temp:intralink-;e002;117;142y i ¼ r i sin θ i ; (2)

where r i and θ i refer to the radial and azimuthal coordinates of the i�th data sample and x i y i refer
to the corresponding Cartesian coordinates. Figure 5(b) shows the 2D reconstruction in Cartesian
coordinates.

We now consider some nuances involved in the 2D reconstruction process. The first is the
variation in rotation speed. In an ideal system, the rotational speed remains constant over time.
However, in practice, the speed tends to drift due to the mechanical properties of the rotation

Fig. 4 (a) Data recorded from multiple channels during a typical sample scan: rotation�data from 
the rotation sensor with the dips denoting the completion of one rotation, piezo�feedback signal 
from the in-built position sensor, difference�difference signal generated using the split detector. 
Dotted lines are used to denote different rotations. The scan parameters are as follows: f rotation ¼ 
1.23 Hz, d r ¼ 0.1 μm. The sample consists of a Si wafer with 1 μm PSL particles. (b) Schematic of 
the scanning process over a particle: red lines indicate scan paths; black traces show correspond- 
ing difference signals.
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stage. As a result, the number of data points per rotation, N , is not uniform across different 
rotations. To ensure accurate 2D reconstruction, the acquired data points must first be resampled 
so that each rotation contains the same number of data points. For the data shown in Fig. 5, 
the data points are first resampled using linear interpolation before the 2D reconstruction. 

The second issue is that of the probe centering deviation. During the scan, the CFS scan 
head, which is mounted on the piezo stage, steps along the radial direction, whereas the sample 
mounted on the rotation stage is rotated continuously. The intention is, of course, that the piezo 
movement starts from the center of rotation or the rotation axis and then steps outward. However, 
the piezo and the rotation stages are independent systems, and their movements are not coupled. 
It is therefore hard to determine the position of the rotation axis with the accuracy required for 
nanostructure measurements. The result is that the beginning of the piezo movement may not 
coincide with the rotation axis. The influence of the piezo offset on the 2D reconstruction, as well 
as the proposed solution to minimize this offset, is detailed in Secs. 4.1 and 4.2.

4.1 Probe Centering Deviations 
For accurate 2D reconstruction, it is assumed that the center of rotation coincides with the starting 
point of the piezo scan range. However, if there is an unknown offset between these two, the 
reconstructed data may exhibit distortions that vary based on both the magnitude and direction of 
the offset. Figure 6 shows a schematic of the spot offset with respect to the rotation axis. The 
figure shows a general case with nonzero offsets along both the x- and y-directions. To quantify 
the impact of the offset on the reconstruction, we derive the mathematical correction required to 
align the data properly. Let the true offset of the probe relative to the rotation axis be ðΔx; ΔyÞ 
(see Fig. 6). The uncorrected polar coordinates of a data point are ðr i ; θ i Þ, whereas the corrected
coordinates are ðr 0i ; θ 0i Þ. The polar coordinates after correcting for the offset are 23

EQ-TARGET;temp:intralink-;e003;114;256r 0i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
ðr i þ ΔxÞ 2 þ ðΔyÞ 2 

q 
; θ 0

i ¼ θ i − arctan
Δy

r i þ Δx 
(3)

Fig. 6 (a) Schematic of the probe centering offset with respect to rotation axis and (b) polar 
coordinate of the i �th data point in the polar coordinate system with and without offset correction.

Fig. 5 2D reconstruction of the scan sample surface: (a) polar representation and (b) Cartesian 
representation. The probe is a 0.65 NA focused spot with a 635 nm wavelength. The sample con- 
sists of a three-line Si grating scanned with f rotation ¼ 1.64 Hz and radial step size, d r ¼ 0.1 μm.
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The offset causes nonlinear distortions in the reconstructed data. These distortions are most 
pronounced at small values of r i (near the center of the scan) and gradually diminish as r i 
becomes significantly larger than the offset (r i ≫ Δx; Δy). As a result, the central region of the 
scan area is the most affected. This is evident in the scan example, as shown in Fig. 5. The grating 
lines are no longer straight but are distorted, especially in the center. The centering deviation
introduces two major issues. First, the system fails to capture any information within a circular

region of radius 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
Δx 2 þ Δy 2 

p 
around the true rotation center, leading to a missing data region in

the reconstruction. Second, the reconstructed data no longer accurately represent the sample 
surface topography. The impact of these distortions depends on the specific application. For 
example, in contamination detection, ensuring that all particles are detected is more critical than 
achieving a perfectly accurate sample topography. By contrast, applications requiring precise 
surface profiling, such as semiconductor metrology, demand minimal distortions.

4.2 Minimizing Probe Centering Deviation 
To minimize the probe offset, we first need to determine the position of the rotation axis relative 
to the piezo stage scan. We propose a frequency spread minimization method to achieve this 
accurately. The scanning process can be approximated as a convolution of the focused spot with 
the sample surface. In the spatial frequency domain, the frequency content of the scan signal is 
given by

EQ-TARGET;temp:intralink-;e004;117;506F scan signal ¼ F spot · F sample (4)

where F spot and F sample are the spatial frequency spectra of the focused spot and sample, respec- 
tively. As, during scanning, we record variations in intensity on the detector as a function of time, 
the spatial frequency spectrum must be converted into its temporal counterpart. This is achieved 
by scaling the spatial frequency spectrum by the scan speed, v

EQ-TARGET;temp:intralink-;e005;117;433F tscan signal ¼ F scan signal · v: (5)

A simulated example is shown in Fig. 7. The figure shows the scan signals (in blue and orange) 
from the same sample when scanned at two different scan speeds (v and 3v). When the scan 
speed is tripled, the width of the scan signal in the time domain is reduced to a third, whereas the 
width of the spectrum in the frequency domain is tripled. 

For a rotating stage moving at a constant angular velocity ω, the speed, v, with which the 
focused spot scans the sample is a function of the distance r between the focused spot and the 
rotation axis: v ¼ ω · r. The frequency spread of the scan signal is thus a linear function of r. 
We use this frequency spread variation to determine the exact position of the rotation axis in 
piezo coordinates. 

To quantify the variation in frequency spread with the piezo position, we define the follow- 
ing metric:

Fig. 7 Schematic illustrating the influence of the scan speed on the signal width in the time domain 
and the spread in the frequency domain. The blue and orange signals, on the left, correspond to 
the simulated signal scanned with scan speeds v and 3v , respectively. The plots on the right show 
their corresponding frequency spectrum, after the Fourier transformation.
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EQ-TARGET;temp:intralink-;e006;114;736SðxÞ ¼ 
X

f i >nf rotation

jFt 
scan signal ðf iÞj 2 ; with F tscan signal ¼ F fdðxÞg; (6)

where x is the piezo position, dðxÞ is the difference signal recorded during one full rotation of 
the sample, and f rotation ¼ ω∕2π is the fundamental rotation frequency. The parameter n is an 
integer > 1 that helps to filter out low-frequency components. 

The piezo position where SðxÞ reaches its minimum corresponds to the point closest to the 
rotation axis

EQ-TARGET;temp:intralink-;e007;114;646x rotation axis ¼ argmin 
x

SðxÞ: (7)

Figure 8 shows the variation of SðxÞ as a function of the piezo position along the x- and 
y-directions. A value of n ¼ 5 is used for the calculation of SðxÞ (see Appendix B). The minima, 
marked by dotted lines, indicate the coordinates of the rotation axis. For this scan, we determine 
an offset of 23.0 μm along the x-direction and 17.9 μm along the y-direction. The sample 
consists of a three-line Si grating fabricated on a Si wafer. 

After the offset is calculated, the coordinates assigned to the data points can be corrected 
using Eq. (3). Figure 9 shows the 2D reconstruction of the scan signal before and after correcting 
for the probe offset. The figure shows a clear reduction in the distortion near the center of the 
scan. The remaining distortion could possibly be due to the radial wobble intrinsic to the rotation 
stage, which is not recorded during the scan. 

The advantage of using the frequency spread minimization method to minimize the probe 
offset is that it does not require any prior knowledge about the geometric dimensions of the 
sample features or any special components such as wedges. 23,27 However, it does require a

Fig. 8 Frequency spread as a function of the piezo position along (a) x -direction and (b) y -direc- 
tion. The dotted lines correspond to the coordinates of the rotation axis.

Fig. 9 Scan surface reconstruction (a) before and (b) after offset correction. The offset correction 
is 23.0 μm along the x -direction and 17.9 μm along the y -direction. The sample consists of a three- 
line grating scanned with f rotation ¼ 1.1 Hz and d r ¼ 0.1 μm.
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sample with structures in the scan area and a detector with sufficient bandwidth to capture all the 
high-frequency signals generated during the scanning process. 

A rotation stage exhibits both axial and radial runout errors during its motion. Radial runout 
refers to deviations perpendicular to the axis of rotation, whereas axial runout involves tilting of 
the rotation axis relative to its ideal alignment. The influence of radial error is evident in the 
residual distortion observed near the scan center after offset correction. Although the exact mag- 
nitude of the radial error is not quantified here, the frequency spread minimization method could 
be adapted to enable more precise calculations. 

So far, we have focused on minimizing probe offset by analyzing the frequency spectrum of 
the scan signal. However, axial wobble, defined as displacement along the height direction dur- 
ing rotation, remains another critical source of error. In Sec. 5, we address axial wobble by exam- 
ining the amplitude variations of the scan signal in the time domain, providing a complementary 
approach to improve rotational accuracy.

5 Axial Wobble Measurement
In this section, we use the depth response of the CFS scan signal to measure the axial wobble of 
the rotation stage. The difference signal in a CFS scan varies depending on the measurement 
plane relative to the focused spot. As the spot has an intensity distribution that changes along 
the axial direction, its interaction with the sample at different depths alters the scan signal. By 
analyzing these variations, we can generate a depth response curve that maps the signal changes 
to axial position. Using the depth response curve, a signal measured at an unknown axial distance 
can be used to estimate the axial position of the sample. When measuring the sample position 
mounted on a rotation stage, the scan signal can serve as a proxy for the axial movements of the 
stage. Two kinds of axial wobble measurements can be made using CFS signals:

1. Height variations along one rotation: The axial position of the stage changes as it rotates. 
This variation depends on the mechanical properties of the rotation stage.

2. Height variations at a single point across multiple rotations: The axial position is measured 
at a fixed point during multiple rotations. This can give a measure of repeatability.

Both types of axial wobble can be measured using the CFS scan signal. As the measurement 
is based on the variation in scan signal as a function of axial position, it is important to have 
multiple identical structures along one rotation to measure the axial wobble along one rotation. 
No such requirement is necessary to measure wobble at a specific position. For simplicity, we 
measure only the axial movement of the stage at a single position across multiple rotations in this 
study. For both, it is recommended to use a sample with extended structures, such as lines or 
gratings, to eliminate the influence of radial wobble as radial wobble can shift the position of the 
spot relative to the scanning structure. If the structure is smaller than the combined size of the 
spot and wobble, it can also cause variations in the amplitude of the scan signal.

5.1 Creating a Depth�Response Curve 
The first step in measuring axial wobble is to create a depth response curve using a sample with 
extended structures. As the goal is to measure the axial wobble of the rotation stage, we cannot 
use the same stage to create the curve. Instead, we use the piezo stages along the x; y, and z axes 
to create a 3D stack of CFS scan signals. Piezo stages allow the sample to be scanned independ- 
ently with sub-nanometer accuracy. Once the scan signal is obtained, the signal can be quantified 
by calculating the peak-to-peak value of the difference signal. The variation of this peak-to-peak 
value is then plotted as a function of the z-axis (axial position). 

Figure 10(a) presents the normalized peak-to-peak signal as a function of the axial position. 
The sample consisted of a Si wafer with 10 μm wide grating lines. The curve is asymmetric about 
the peak possibly due to asymmetric optical aberrations. The left and right slopes of the curve are 
linear and can be used as calibration curves. The right slope is chosen as it provides a steeper, 
more sensitive calibration curve. The slope is calculated to be −0.149 � 0.010 V∕μm with a 
confidence interval (CI) of 95%. This relation is further used to measure the axial wobble of 
the stage. The slope is independent of the sample properties and depends only on the optical 
characteristics of the focused spot.
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5.2 Measurement Using Depth�Response Curve 
To measure the axial wobble at a specific position, the CFS scan head, mounted on the piezo 
stage, was first positioned to a z-position in the linear range. The sample with the line structure is 
then scanned at a constant radius through a number of rotations. The signal peak-to-peak is 
retrieved and the corresponding z-position is calculated. 

Figure 10(b) shows the calculated z-values for 50 rotations. During the measurements, the 
CFS scan head traces a circle of a constant 80 μm radius on the sample. The sample mounted on 
the rotation stage was rotated at a frequency of 3.16 Hz. The measured axial wobble at a point is 
less than 0.9 μm with a prediction interval (PI) of 95%. The prediction interval accounts for both 
measurement uncertainty and inherent variations in the wobble, making it more comprehensive 
than the confidence interval. A similar process using a sample with repeating structures can be 
used to measure the axial wobble during one rotation. 

The axial wobble can impact the repeatability of the CFS measurements as the signal 
amplitude varies with the axial position. The influence is minimal when the sample is placed 
in the plane with the largest signal amplitude. This is evident from Fig. 10(a), where the slope is 
the least at the maximum. Depending again on the applications, a feedback system can be 
employed to ensure that the scan head is in focus throughout the scan. Another solution would 
be to use a lens with a longer depth of focus such that the signal peak-to-peak remains the 
same for a longer range of motion along the z-direction but comes at the cost of the system 
resolution.

6 Applications
In this section, we illustrate two possible applications of the rotation-based CFS system: particle 
detection on a Si wafer and calibration of etched pits with different diameters.

6.1 Particle Detection on Si Wafer 
The effectiveness of the system was demonstrated by measuring PSL particles that are randomly 
deposited on a Si wafer. PSL particles are widely used as metrology standards to test the sen- 
sitivity of contamination detection systems. Their scattering properties also mimic those of 
insulating contaminants (e.g., silicon dioxide and organic residues), commonly found on wafers. 
Two examples are presented: Si wafers with 1 and 0.4 μm PSL particles. Figures 11(a) and 11(b) 
show the 2D differential scan map of the sample surface with 1 and 0.4 μm PSL particles, 
respectively. The scan parameters were as follows: f rotation �1.1 Hz, dr�100 nm, and sampling 
rate�10 kS∕s. The peak-to-peak of the difference signal generated from the 1 and 0.4 μm PSL 
particles are 0.731 � 0.167 V and 0.256 � 0.058 V, respectively. The values are presented with 
a confidence interval of 95%.

Fig. 10 (a) Depth response curve of the CFS signal. A line is fitted through the linear region of 
the curve (shown in red) to be used as a calibration curve to measure the axial wobble of the 
rotation stage. (b) Axial wobble of the rotation stage measured at 80 μm from the center of rotation. 
CI, confidence interval; PI, prediction interval. The sample used for measurement consists of 
a Si wafer with grating lines of 10 μm width fabricated on it.
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6.2 Calibration of Etched Pits with Different Diameters 
Another application of the setup is to measure the geometrical parameters of different nanostruc- 
tures. In this example, we use the CFS setup to measure and calibrate the diameters of pits etched 
into a silicon wafer. Etched structures are interesting targets due to their lower scattering signal 
compared with raised structures of similar dimensions, making precise measurement more chal- 
lenging. The calibration sample consisted of an array of circular pits etched into a Si substrate, 
with diameters ranging uniformly from 225 to 1125 nm in 100 nm increments, spaced 10 μm 
apart and having a constant depth of 150 nm. The samples were fabricated using e-beam lithog- 
raphy followed by reactive-ion etching. 

Figure 12 shows the plot with the variation in the peak-to-peak of the difference signal from 
the detector as a function of the pit diameter. Each data point is an average of 8 separate mea- 
surements with an errorbar of one standard deviation. The scan parameters were as follows: 
f rotation �1 Hz, dr�100 nm, and sampling rate�10 kS∕s. The plot demonstrates a monotonic 
increase in the peak-to-peak of the difference signal with the pit diameter. Furthermore, it can be 
used as a calibration curve to estimate an unknown pit diameter. In terms of signal-to-noise ratio 
(SNR), the etched pit with the smallest diameter of 225 nm (much smaller than the wavelength of

633 nm) exhibits an SNR of 8.97 dB, calculated using SNR ¼ 10 log 10 ðV signalV noise
Þ.

Fig. 11 2D difference map of PSL particles on Si wafer with (a) 1 μm and (b) 0.4 μm diameters. 
The samples are scanned with f rotation ¼ 1.1 Hz, and minimum radial step size, d r ¼ 0.1 μm.

Fig. 12 Peak-to-peak of the differential signal from the split detector plotted as a function of 
the etched pit diameter. The pits are etched into a Si wafer with diameters varying from 225 to 
1125 nm with a constant etch depth of 150 nm. Each data point is an average of 8 independent 
measurements.
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7 Uncertainty Assessment
In this section, we detail the contributions to the measurement uncertainty from different 
components of the system. The maximum input voltage range of the analog-to-digital converter 
(ADC) is � 10 V.

� Detector: The dark noise of the detector is measured with the detector switched on but no 
light incident on the bi-cell. The measured value is 0.97 mV. This includes the noise from 
the ADC as well.

� Laser: The laser used in the scan head is not intensity stabilized and may have fluctuations 
in the output power. The mean laser intensity was measured to be 1.019 W with a root mean 
square error of 0.006 W. The value was calculated from a 5 min measurement of the laser 
intensity using a power meter, 2 h after the laser is switched on. The duration of the meas- 
urement corresponds to the duration of a typical scan time. The signal varies linearly as a 
function of laser intensity and can differ by 0.6% from the mean value.

� Piezo: The piezo is used to step between concentric circles during the scanning. The rota- 
tional cross-talk during travel along x-axis for a maximum radius of 80 μm is 0.8 nm in 
z-direction. The influence of the motion error on the peak-to-peak of the signal depends on 
the position of the sample. Assuming the sample to be in the linear region of the calibration 
curve shown in Fig. 10(a), the signal can change by 0.01% of the original value.

� Rotation stage: The axial and radial wobbles from the rotation stage contribute significantly 
to the measurement certainty. The amount of radial wobble present in the system was not 
quantified, but its influence was evident from the remaining distortions in the reconstruc- 
tions. The axial wobble was quantified to be less than 0.9 μm. The influence on the signal 
peak-to-peak again depends on the axial position of the sample following the curve, as 
shown in Fig. 10(a), with the signal varying between 0.31% and 11.25%.

8 Conclusion and Outlook
In this study, we introduced a rotation-based CFS system, replacing the piezo stage in the fast 
axis with a rotation stage while retaining a piezo stage in the slow axis for stepping across con- 
centric circles on the sample. This setup, reminiscent of optical data storage systems, eliminates 
the start�stop motion characteristic of raster scans, enabling faster, continuous scanning and 
making it ideal for high-throughput metrology applications. 

We addressed key challenges of rotational scanning such as probe centering offset and 
axial wobble. A frequency spread minimization approach was introduced to correct probe 
alignment errors without requiring reference targets. Furthermore, we estimate the axial 
wobble of the rotation stage to be less than 0.9 μm using the depth-dependent response of 
the CFS signal. 

The system performance was validated through the detection of low-contrast PSL particles 
on silicon and the calibration of nanoscale etched pits with diameters from 225 to 1125 nm. 
These results demonstrate the system�s potential for applications in sub-wavelength contami- 
nation monitoring and nanostructure metrology. Although the current implementation was 
designed as a proof-of-principle system, it demonstrates the feasibility of using rotational scan- 
ning for CFS for fast scanning. It is a compact, low-power system with a simple optical design 
that can be multiplexed with ease for scanning large areas.

9 Appendix A: FDTD Simulations
In this section, we detail the simulations, as shown in Fig. 2. The interaction between a sub- 
wavelength nanostructure and a focused spot is quite complex and needs to be modeled using 
a rigorous 3D Maxwell solver. These models can be used to provide a theoretical reference that 
can be compared with the experimental results for a better understanding of the underlying physi- 
cal phenomenon behind the obtained scattered signals. For this study, we used a commercial 
solver (Lumerical, Ansys) 34 based on the finite-difference time-domain (FDTD) method. 35 

For the simulations, the incident field consisted of a 0.4 NA focused spot with a wavelength 
of 633 nm. The field is linearly polarized in the x-direction at the back focal plane of the
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objective. The spot was precomputed analytically after solving the vectorial Debye integral using 
the formalism by Richards and Wolf 36 and was used as an imported source. Figure 13 shows the 
schematic of the overall simulation model. The scattering object is a pit with a diameter of 
400 nm and a depth of 150 nm etched into Si (refractive index - 3.882 + i0.019). The source 
is injected at a height of 200 nm from the Si surface. The scattered near field is recorded using 
a monitor placed at a height of 300 nm from the Si surface. The complete simulation domain 
contains a volume of 15 × 15 × 0.7 μm with perfectly matched layer boundary conditions. 
The far field or the field in the Fourier plane is calculated from the near field recorded using 
the monitor. The near-to-far-field projections are performed using built-in functions in the 
software. 35

10 Appendix B: Frequency Spread Calculation: Choice of n
The choice of n used to calculate SðxÞ is determined qualitatively. Low values of n result in a 
noisy spread�piezo position curve, whereas large values of n broaden the minima. Figures 14(a) 
and 14(b) plot SðyÞ calculated using n ¼ 2 and n ¼ 10, respectively, for the same scan. The plot 
calculated using n ¼ 2 is much noisier compared with the plot calculated using n ¼ 10. 
However, the minima are much more sharper for n ¼ 2 compared with n ¼ 10. In both cases, 
the minima become hard to determine, and ultimately, the choice made is a compromise between 
the two.

Fig. 13 Schematic of the FDTD simulation.

Fig. 14 Frequency spread as a function of the piezo position along the y -direction with the spread 
calculated using (a) n ¼ 2 and (b) n ¼ 10. Low values of n create a noisy spread�piezo position 
curve, whereas large values spread the minima.
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