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In this paper, a solution is proposed for solving the lateral shift of the scanned images stack in coherence scanning
interferometry (CSI). Pre-image processing is performed on a captured stack of scanned images of square structures
without the fringes. It is useful to identify the lateral shift response, which is then utilized to correct a subsequent series of
scanned images with fringes having the same optical scanning parameters. Thus, eliminating the scan-line shift in the
reconstructed images. The experiments results show that the error due to the scan-line shift can be improved qualitatively

and quantitatively by around 0.6 - 0.7% at the lateral axis.
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1. Introduction

Coherence Scanning Interferometry (CSI) has proven
itself to be one of the profiler methods in measuring
surface roughness of microscopic objects. Both qualitative
and quantitative studies of different materials based on
CSI images are offered from the imaging result. Examples
of quantitative ones of surface roughness and morphology
may be found in the fields of metrology, advanced
materials, and surface inspection in the industry [1-6].
Despite the presence of commercial interferometers such
as Mahr, Polytec, Taylor Hobson, Veeco, Fogale and Zygo,
many researchers have built and developed profilers to
develop enhanced methods and improved results [7-11]
using different interference objectives such as Mirau and
Linnik. For example, a modified Linnik Fogale
interference microscope developed in the ICube laboratory
IPP is able to work in liquid medium [12] having a lateral
resolution of around 0.55 pm with 20x magnification lens
and a vertical error of 1.6% from vertical calibration using
a step height artifact.

A good imaging result of the surface structure of
microscopic objects in 3 dimensions (3D), generated by
two-dimension image stack from lateral scanning with
optical profilers such as CSI and optical coherence
tomography (OCT), has become a priority requirement in
obtaining information and facilitating the analysis process.
However, either poor or inaccurate results in scanning
profilers can be produced due to several factors. Exploring
the causative factors in OCT, we found similar problems in
some studies, i.e., there were thickness measurement

errors in stratus OCT [13] where the retinal nerve fibre
layer was strongly affected by signal strength and
horizontal scan shifts, while the vertical shifts can be
neglected. These shifts were caused by improper
alignment during scanning. To avoid the misalignment,
another OCT scan study demonstrated either the
calibration step for obtaining more precise results and the
accuracy improvement with stable room temperature and
limited number of scans [14] while to correct the artifacts
or shifted image in simultaneous scanning OCT,
comparison of the position data between the misaligned
and reference OCT scans of retinal layer thickness image
was well performed [15]. According to an invention [16],
the effect of misalignment between pixel images generated
by an array of modulator elements can be ameliorated by
using an optical system with a single modulator array to
overlap the separate rows.

Like in any other measurement technique, CSI also
has sources of errors and uncertainties in the
measurements, which can be classified into two broad
categories [17]. The first category comes from the
uncertainties in the vacuum wavelength and in the
refractive index (arising from the absence of correction or
the input used for the correction) and the cosine error. The
second category includes the uncertainty in the phase
change measurement, cyclic errors, dead path effect, Abbe
error, target error, optics thermal drift, beam shear, data
age uncertainty, and the effects of fringe scanning.
Concerning the last point, any lateral motion between the
scanning stage and the camera target can constitute a
source of measurement uncertainty, especially for surfaces



398 Husneni Mukhtar, Paul Montgomery, Freddy Anstotz, Rémi Barillon, Kusnahadi Susanto, Willy Anugrah Cahyadi

with steps of texture. For decades, some problems
concerning the studies of CSI development were reported
in many publications such as decreased contrast and
asymmetrical interferogram plot due to misaligned beam
splitter (in Mirau and Taylor), the chromatic mismatch and
glass dispersion (in Linnik) [18], misaligned data due to
the drift [19], the batwing effect in white light
interferometry due to the shorter step height than the light
source coherence length [20], lateral error due to
dispersion effect in Mirau type and conical illumination
[21], and other uncertainty error sources due to
installation, optics, electronics, environmental effect,
motion error, and dead path [22-26]. Further, due either to
a non-linearity in the motorized-piezoelectric translation
actuator [27] or a misalignment of the microscope
construction [28], the series of scanned images during scan
process may exhibit a lateral shift over successive images,
which can lead to measure artifacts. In addition, any lateral
movement of the sample during fringe scanning, whether
the sample is mounted on a vertical scanner, or the
interferometer head itself, leads to artifacts in the surface
measurements. In consequence the stability of the
measured object during scanning is therefore important for
measurement precision [29, 30]. Those problems may be

overcome by improving the optical component quality,
adding the built-in correction system of hardware or
software [31], instead a high-resolution interferometry
may decrease.

Considering a study of artifacts due to the scan-line
shift on another type of microscopes, namely scanning
electron microscope, Maragechi et al. [32] conducted a
comprehensive method to correct the shift artifacts using a
novel global DIC framework. They reported that the
significant errors of geometrical measurement in full field
deformation by digital image correlation (DIC) were
caused by the electron beam position error during scanning
[33, 34]. For the CSI case, a detailed account of what are
the scan-line shift artifacts is illustrated in Fig. 1. A CSI
image of etched Silicone with dimensions of 132 x 127
um is presented on the left side. On the right, two
consecutive scan images of a zoomed view of the same
image are compared vertically and horizontally. The first
scan image, iy, compared to the 279™ scan image, has line
shift in horizontal, but not in vertical. The shift is marked
by the indicators showing a part of the feature in the first
scan image moving to the right in the 279%™ scan image.
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Fig. 1. The illustration of scan-line shift image during scanning (color online)

This finding then raises a question. Some possible
causes of this shift could stem from the aspects of stability,
alignment, calibration, etc. However, for a modified
Linnik Fogale microscope developed at the ICube
laboratory, these reasons cannot be the main cause since
the microscope has been calibrated beforehand. Moreover,
the microscope was validated with other commercial
microscopes and the measurement result was similar to
them [12]. Profiles from the 3D measurement results
showed a slope on the step features perpendicular to the x-
axis, but not on those perpendicular to the y-axis, showing

that the accuracy of the measured results were affected by
the lateral image movement during vertical scanning. For
some reason the scanner was misaligned along the x-axis.
However, it was difficult to determine whether the
misalignment was of a mechanical or optical origin to
implement a correction. Moreover, there was an
uncertainty concerning how much shifting occurred and at
what point during the scanning. Therefore, as an
alternative solution, a method is proposed to simply
measure the image shift during scanning and to correct the
image positions of the scanned images in one direction
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before performing fringe processing. In the following, the
experimental system is first described together with the
test sample used. Then the method developed for image
correction is explained and applied to image acquisition.
Finally, the corrected measurements are compared with
those without the correction to demonstrate the validity of
the technique.

2. Experimental methods

This section elaborates the shifting correction of CSI
image stacking acquisition. The suspected shifting images
occurred on a few micrometres and either in single or
double direction (x or v direction). To provide a high-
quality CSI stacking image, the suspected shifted images
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should be moved back to the original position. The number
of shift images is detected by a simple algorithm that will
be described in the experiment setup.

2.1. Experimental setup

In the data acquisition of the CSI technique, along the
dynamic range (DR), the piezoelectric stepper does the
vertical scanning movement for each step-height (dz), then
a series of scanned images were obtained. The values of
DR and dz are determined prior to the acquisition process.
A stack of scanned images is processed from the grayscale
image (heights) and the maximum intensity image using
the five-sample adaptive (FSA) fringe visibility algorithm
[8].

Immersion

Fig. 2. A vertical coherence scanning interferometry moved by a piezoelectric actuator moves by steps of dz over a dynamic
range of DR (left). Mechanical diagram of modified Fogale Linnik system (right) (color online)

In this experiment, the microscope is mounted on a
robust aluminium column installed onto the optical table to
provide good stability to the whole system. A microscope
focusing mechanism provides vertical movement
adjustment of the microscope, with fine and normal

focusing. Two mounting plates (illustrated in Fig. 2) are
used to mount the microscope body and the position
adjustment to the column. However, the vertical scanning
still yields the misaligned stacking images due to the
unstable motorization system.
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Fig. 3. The lateral image shifting during the axial scanning over 5um-DR using the 20x immersion Linnik: (a) displacement test
of a sample on the measured area for the displacement test, (b) Line profile from a scanned image stack (a zoomed view in
specific area) (color online)

2.2. Data test acquisition

As previously mentioned, lateral shifts in one
direction could be observed by eye in the images during
the wvertical scanning process. A specific sample was
required to be used with the grating positioned
perpendicular to confirm and quantify this shift. Thus, an
etched grating sample was used with the grating positioned
perpendicular to the shift direction. A series of images of
an etched grating sample were captured while scanning
over a depth of 5um (shown in Fig. 3). A lateral shift of
the measured sample during the scanning process can be
observed on a series of successive images. These shifts
were most likely caused by a microscope misalignment
along one direction in the vertical scanning
perpendicularly.

In this experiment, we scanned a grating object as
consecutive images. A total of 91 consecutive images were
scanned using CSI Linnik immersion equipment to prove
that the scan line was misaligned. If the misalignment is
ignored in the consecutive images, it will lead to artifact
generation and ruin the surface profile calculation.

The correction method starts with a procedure of
acquiring the test data carried out in two stages: first,
acquiring a set of the test data; second, the implementation
of the correction method. Correcting the image shifts was
begun by vertically scanning the object surface without
any fringes to acquire a stack of scanned images that could
be used to obtain the shift parameters. Once the corrected
fringe images were obtained, they could be used in the
next subsequent image processing employed in the CSI
technique.
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Fig. 4. The successive images with 5 yum of the dynamic range, lett = 450 nm, dz = 0.056 um and the 20x immersion objective.
The results of the cross-correlation function for (a) the lateral shift in x-axis (pixels) between sequent images, (b) The shift in x-
axis between two images after executing 10x-pixel-resampling using an interpolation of a cubic kernel in pixel unit and in (c)
micrometre unit (d) the shift in y-axis (um) (color online)
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2.3. Correction method

A simple correction method for the image shift was
applied to improve the image scanning.

The method was carried out using the following
procedures.
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Fig. 5. A result examination of the proposed method using cross correlation. The shifted images are defined by the phase lag of
sine grating response. The images were resulted from 20x magnification lens, 10 um dynamic range and 0.056 um step height
(color online)

1. Examining the displacements over the images. The
spatial correlation method was used for different step
height (dz), DR, and lens magnification in order to acquire
the displacement function. Fig. 4 shows the technique. The
correlation function for estimating the shifted image is
expressed in Eq. 1.

1(x) = f; () ® fisr ()

2 [7 fOf+Ddr (1)
where r is the spatial lag between two scanned images, x is
a pixel representing spatial image in pm unit, £ is the index
image, f; is the reference image, fiy; is the examined
images, and T is the phase due to misalignment. The image
shifting, using this technique, could only be discovered by
1 pixel-units of the shifts over the whole images, yielding
displacement about 0.15 — 0.2 pixels/ image.

Hence, one could not find the shift from image 1 to 18
in Fig. 4(a) because of the inability to detect the pixel
fractions. Detection of the image shift is therefore
necessary to improve by utilizing a resizing technique.

2. Resampling the image to update the detection of
shifting. The size and the number of the image increases
by enhancing the image by pixel resampling as shown in
Fig. 4(b). This technique used cubic kernel interpolation to
find the shift in the upscaled images.

3. Based on the second procedure, all sets of resized
images are corrected using Eq. (1) in reverse direction so
that the details on the images would be in their correct
positions. It was assumed that the correction procedure
was spatially periodic, written in the following expression:
shifted = circshift (image,[1 —71]).

4. Restoring the resized images to original size
(second resizing). The original image compared with the
corrected can be seen in Fig. 5.
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A complete proposed method for the image scan
correction due to the scan-line shift is summarized in Fig.
5. Successive profiles of the grating (Fig. 5, top left)
before correction of the image shift measured in the same
area using the Eq. 1, and (Fig. 5 bottom) after correction of
the image shift.

The investigation result of the data yields an important

in Fig. 4 (d). The mean values of the displacement
between two consecutive images using Eqg. (2) were
around 0.025 pm and the total displacement for a full scan
was 1.587 pum or approximately 5-6 pixels. The total
lateral shift was less than 0.18 pum, and thus could be
ignored.

observation. It confirmed that the correcting image was A = Y Mny )
required only in one direction (x-axis) because there was n-i
no significant lateral image shift along the v-axis as seen
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Fig. 6. The scan-line shift with differences of (a) step height and (b) lens magnification (color online)

Upon further investigation, the scan-line shift by
differences of the step height and the lens magnification
over the same dynamic range was presented in Fig. 6. The
shift total for both step height is similar, i.e.,
approximately 1.5 pum. It means that the total shift will
depend on the dynamic range or the distance of the
scanning process. On the contrary, the scan-line shift due
to the different lens magnification is not that different.

In this section, the developed correction method
provides a software solution for correcting the axial
misalignment of the microscope leading to a shift in the
acquired fringe images during vertical scanning in the CSI
technique, as illustrated in Fig. 5.

3. Results and discussions

The correction method was then tested on a series of
fringe images acquired for measuring some samples
etched in a silicon wafer, as previously mentioned [12].
Samples were measured by Fogale Linnik water
immersion system (20x magnification, NA=0.5, dz=0,056
um, DR=5um, leff=450 nm) with white light LED. After

processing the scanned images of grating sample using the
FSA algorithm without treatment of proposed correction
method (Fig. 7 (@ and (b)), it can be observed
qualitatively that the walls between the holes (dark areas)
are widened, and the valley bottoms are over-rounded. On
the contrary, the completely corrected scanned image (Fig.
7 (c)), shows narrower walls between the etched holes and
the squarer bottoms of the valleys.

In order to investigate not only the qualitative result
but also the quantitative one for using the proposed
method, then the grating pitches were measured as
presented in Table 1. The mean length and height of pitch
in respectively are 10.00 um and 2.10 pum for the corrected
scan image and 9.94 um and 2.10 um for the uncorrected
scan image. This sample was also measured in previous
research by a commercial microscope, namely Mirau Zygo
New View 7200 with 50x magnification, resulting 10.00
pm of mean length and 2.06 um of mean height 0. Both
sizes were similar among them, having the same accurate
length. The pitch length of uncorrected image was slightly
different about 0.6% compared with the corrected image.
This further reinforces the fact that the shift does occur in
the x-axis and affects the measurement accuracy.
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Fig. 7. Comparison of the measured profiles observed on (a) area of grating image indicated by line marking. (b) The

uncorrected and (c) corrected images were demonstrated to show the benefit of the proposed method to correct the artifacts on

the image (color online)

Table 1. Comparison of pitch size (in um) on an etched silicone (in Fig. 7)

No Corrected Uncorrected
Length | Height Length Height
1 10.00 2.10 10.00 2.12
2 10.00 2.10 10.00 2.10
3 9.88 2.10 9.76 2.10
4 10.12 2.10 10.00 2.13
Mean 10.00 2.10 9.94 2.10
Table 2. Comparison of pitch size (in um) on an etched silicone (in Fig. 8)
No Corrected Uncorrected
Length | Height Length Height
1 12.52 2.74 12.52 2.70
2 12.50 2.74 12.54 2.72
3 12.50 2.75 12.54 2.72
Mean 12.50 2.74 12.55 2.72

Taking the same procedure for another etched Silicon
with valley texture, a line profile was examined, indicated
by a horizontal line on the same area in Fig. 8. One can see
that the uncorrected image scan shift has more artifacts
than the corrected one. Meanwhile the pitch measurement,
shown in Table 2, provided another fact of occurring the
scan-line shift in x-axis denoting by 0.7% of the accuracy
error of the length size. The same accurate length

compared to the previous result 0 offered a finding for the
proposed method in this study. Another study with Atomic
Probe Microscopy 0 also obtained minimal error using an
offline algorithm of shifted or drift image using cross-
correction based computer vision. It can be noted that the
benefit of the proposed method in this study was
improving both qualitative and quantitative results.



404

Husneni Mukhtar, Paul Montgomery, Freddy Anstotz, Rémi Barillon, Kusnahadi Susanto, Willy Anugrah Cahyadi

(a)

3 37.03 um (b)
(L A A X 1 1 -
. . . 36.50 E
2808 36.00 e
l:oooooooooooo e
00000009990 ' = 0§
35.00 § 73
= 3
34.50 1-
34.00
-2  BhAddbbbd TETTTITTYY | pABASLAES JYTTTTTTTY JITTTVIVTY
S 33.13 0 10 20 30 40 50 60
X (um)
(c)
37.12 um (d)3
L L L L A - 2
(A 2 2 2 2 A
36.00
COP000000000 0 .13
9000000000040 |(3550 § 5
35.00 =
34.50 13
34.00 -2 - E— TrrTTTTTYT TrrTTTTTTTT [rTTTTTTTY TrrTTTTTYYT I RAARZEZRL
y 0 10 20 30 40 50 60
— 33.16 x (um)

Fig. 8. Comparisons of resulting images (a)(c) and line profiles on etched silicon (b)(d). A line marking applied on same area on
the resulted images of (a) corrected scan images and (c) uncorrected scan images generated the quality of different line profiles
of (b) the corrected scan images and the uncorrected scan images (d) using the proposed method (color online)

4. Conclusions

It can be summarized from the observation results that
the shift of the lateral images in x-axis was most probably
caused by the scan-line shift. The causes of the shift may
be due to uncertainty errors such as the effect of fringe
scanning, installation, or motion error during the piezo-
linear motor travel along the scan height.

The proposed method has been demonstrated and
applied on two image datasets of scan-line shift during
scanning by a modified Linnik Fogale microscope.
Although the measurement has a valid and accurate result
in previous research, either the 3D image or the line
profiler has distorted results. However, the scan-line shift
is worth correcting with this proposed method, restoring
the image alignment to the optimal position, and
increasing the measurement accuracy of around 0.6 - 0.7%
at the lateral axis quantitatively.
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