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Abstract: Microsphere assisted microscopy (MAM) has been rapidly developed to meet the measurement needs of microstructures.

MAM can be integrated with optical interference microscopy (OIM) to achieve high lateral resolution surface profile measurement.

However, the microspheres introduce intricate phase changes, resulting in optical path asymmetry which is very challenging to compensate

for. This limitation constrains the application of MAM in OIM. In this paper, simulation analysis reveals that the phase transmission of the

microsphere is influenced by parameters such as microsphere diameter and its relative position to the sample. It is concluded that a unique

compensation process must be adopted for each individual microsphere. Addressing this issue, we proposed a phase compensation

algorithm based on the three-dimensional position control of the microsphere and integrated it into our combined system of MAM and white

light interferometry (WLI), reducing the phase errors introduced by the microspheres while enhancing the lateral resolution of optical

system. This approach improved the profile measurement accuracy, offering a perspective for optically measuring the surface profile of

intricate microstructures.

Key words: microsphere assisted microscopy; microsphere assisted interferometry; optical interference microscopy; surface profile

measurement; phase compensation

0 Introduction

Optical interference microscopy (OIM) is an extensively

used optical measurement method in surface profile
- [1.2] R PaQPQ @ <

measurement“. It possesses advantages such as planar
imaging, non-contact, non-intrusive, and high-precision
measurement. However, due to the diffraction limit, the
lateral resolution of OIM is significantly lower than its
vertical resolution, differing by nearly three orders of

magnitude" "

. This limitation constrains the practical
applications of OIM. Thus, a novel method is demanded to
enhance the lateral resolution of the OTM"™,

(MAM) is a

promising approach to enhance the lateral resolution of
[7-10]

Microsphere-assisted microscopy

optical systems” . It is simple to operate, and offers

advantages such as easy implementation and compatibility

11,12

with various optical systems"""®. These researches in the

field of microsphere imaging consistently demonstrated the

remarkable enhancement in resolution capabilities provided

13-16

by the microsphere™ ', Similarly, some researchers have

explored the application of MAM in OIM to improve lateral

[17-2

resolution"”*", However, their focus has been exclusively

on the enhancement of lateral resolution by the

microsphere, while overlooking the phase error introduced
by the microsphere. This phase error adversely affects the
vertical measurement precision of OIM. To address this
issue, previous researchers have attempted to compensate
for phase errors by using a polynomial 2D fit** or placing an
identical microsphere in the reference light path”.
However, due to the differences among the microspheres
and the positioning errors of the microspheres, these
compensation methods yield limited effectiveness.
Furthermore, researchers aspire to operate the microsphere
at a distance from the sample surface to enable scanning and
enhance the magnification of the microsphere® . In this
operational state, compensating for the phase error of the
microsphere becomes even more challenging.

We proposed a microsphere assisted interferometry
(MAID) method that combined MAM and OIM. The
microsphere was adhered to an atomic force microscope
(AFM) cantilever, controlling the three-dimensional
position of the microsphere. Simultaneously, we
introduced a phase compensation method based on three-
dimensional position control to address the challenge of
asymmetry introduced by the microsphere in the optical

path to eliminate phase errors introduced by the
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microsphere. Standard resolution targets and digital
video disc (DVD) samples were measured, and the
results showed that the algorithm reduced the phase
errors introduced by the microsphere and remained
effective in lift mode.

1 Theoretical analysis

In order to investigate the phase distribution beneath
the microsphere, we used COMSOL multiphysics to
analyze the optical field distribution after illumination

e = o o
Electric field intensity/(V *m™")

S

Electric field intensity/(V +m™)

passes through the microsphere.

Considering the
production errors of monodisperse microspheres, we
selected silica microspheres with diameters of 50 pm and
54 pm as simulation objects. Since the system employed
Kohler illumination, the illumination light was set as a
plane wave with a wavelength centered at 570 nm,
which was the central wavelength of the white-light
source. Simulations of intensity and phase of parallel
light passing through the microsphere are shown as
Fig.1.
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Fig. 1

Simulation of intensity and phase of parallel light passing through microsphere. (a) Electric field intensity by 50 pm

silica microsphere; (b) Electric field intensity by 54 pm silica microsphere; (c) Phase distribution by 50 pm silica microsphere

(d) Phase distribution by 54 pm silica microsphere; (e) Phase distribution close proximity to surface of 50 pm microsphere (line

in (¢)); (f) Phase distribution close proximity to surface of 54 pm microsphere (line in (d)). (g) Unwrapped phase of (e) and
(f); (h) Unwrapped phase beneath 50 pm microsphere at distances of 0 nm and 500 nm

Fig.1(c) and (d) display the phase distribution with a
uniform phase distribution above the microsphere,
indicating a significant change in phase after the illumination
light passes through the microsphere. In the experiments,
the microsphere is placed in close proximity to the sample
or at distances of several hundred nanometers. The phase
distribution beneath microspheres with different diameters
when the distance is 0 nm is shown in Fig.1 (e) and (). To
better compare the phase distribution under microspheres
with different diameters, we perform phase unwrapping,
and the results are presented in Fig.1(g) . We observe that
the width of the phase distribution is not uniform, and the
phase difference varies between different positions.
Fig.1(h) shows the phase distribution beneath the 50 pm
microsphere when the distance between the microsphere
and the sample are O nm and 500 nm. The results indicate
that there are still differences between the two scenarios.

The simulation results demonstrate that the introduction
of the microsphere has a significant impact on the phase,
and failure to compensate for it would greatly affect

interference measurements. Additionally, the simulation

results reveal noticeable differences in the influence of
microspheres with different diameters on the phase. For
50 pm and 54 pm microspheres, the phase difference
between the center and the edge is 1.9 rad (approximately
172 nm) . And there is also a noticeable phase difference
when the distance between the microsphere and the sample
varies. Furthermore, considering the variations in diameter
and sphericity of the microsphere, compensating for the
phase impact introduced by microspheres in the
interferometric path is challenging based solely on simulated

data.

2 Experimental setup

To obtain the profile with enhanced resolution by
microsphere and to achieve precise control of the
microsphere’s three-dimensional position for phase
compensation, we establish a system that combines WLI
with AFM as shown in Fig.2 (a) . The interference optical
path employs a Linnik-type configuration. Collimating lens
L1 transforms the light source into collimated beam. Lens

L2 serves as a Kohler illumination lens conjugate with the
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objective to ensure uniform sample illumination. Two 10X
objectives with numerical aperture (NA) of 0.28 are
symmetrically positioned to maintain the symmetry of the
interferometric path. The theoretical resolution can be
calculated to 1 670 nm (6=0.821/NA, where ¢ denotes
resolution, A is wavelength) . The reference mirror M is
placed on a piezo actuator PZT2 to generate a 20 nm step.
The microsphere is adhered to the side of an AFM
cantilever for optical measurement as shown in Fig.2 (b) .
The sample is placed on the AFM sample stage, and the
three-dimensional position of the sample is controlled by a
three-dimensional piezo actuator PZT1. The feedback of
the AFM can adjust the relative position between the
microsphere and the sample when the two in contact,
facilitating the selection of the region of interest. When the
microsphere comes into contact with the sample, a virtual
image magnified by the microsphere is formed beneath the
sample surface. After moving the microsphere to the region
of interest, it is necessary to readjust the focal plane of the

objective to collect the image.
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Fig. 2 Combined system. (a) Combined system of MAM and
WLI; (b) Microsphere manipulation structure composed of

microsphere and AFM cantilever

The resolution enhancement capability of the
microsphere slightly decreases with an increase in its
diameter, while the field of view expands with the
increasing diameter. Microspheres with diameters of
25 pm and 50 pm are experimented with, and the results
show no significant difference in resolution. Considering
the imaging field of the microsphere and the imaging
quality under a 10X objective, the microsphere with a

diameter of 50 pm is employed in the experiments

described below. The microsphere is adhered to the side
of the cantilever with the assistance of AFM, using a
cantilever with high K value to withstand the weight of

the microsphere.

3 Compensation algorithm

Compensating for the asymmetry introduced by the
microsphere poses a challenging problem, primarily due to
three main difficulties. Firstly, microspheres themselves
exhibit variations in diameter and non-sphericity, even
within the same processing batch. It is challenging to find
microspheres that are exactly identical, and manufacturing
errors between different microspheres can reach 10%. Such
discrepancies  are unacceptable for interference
measurements at the nanometer precision. Consequently,
a compensation strategy must be devised for each unique
microsphere. Secondly, even for the same microsphere, if
its three-dimensional position cannot be precisely
controlled, the necessary data for compensation cannot be
obtained. Thirdly, due to the complex propagation of light
within the microsphere, the influence of the microsphere on
the object light wavefront extends beyond mere optical path
difference. Therefore, compensating for phase errors
introduced by the microsphere cannot be achieved solely by
subtracting its height. To address these issues, we employ
a differential approach and propose an algorithm based on
the three-dimensional position control of the microsphere
to eliminate the impact of the microsphere on the symmetry
of the interference optical path. During the process of
collecting optical signals from the sample, we first adjust
the microsphere to its optimal imaging position, capturing
white light interference images to obtain the wavefront
coupled between the microsphere and the sample

Oys(x,y)=0p(x,y)X Ty(x,y)X Ts(z,y), (1)
where Oys (2,y) is the object light wavefront calculated
by MAI, O,(x,y) is the plane wave, Ty (x,y) is the
wavefront influence function of the microsphere, Ts(x,y)
is the wavefront influence function of the sample. At this
point, the interference measurement result represents the
modulation jointly imposed by the microsphere and the
sample. Given that the microsphere has a significant impact
on the phase as illustrated in simulation in theoretical
analysis, directly using this result as the sample
measurement introduces substantial errors. To mitigate
this, we adjust the position of the sample stage, moving the
microsphere to the standard plane. The standard plane is an
optical flat characterized by a uniform surface without height
variations or phase changes. The wavefront coupled
between the microsphere and the standard plane can be



HONG Yujian, ez al. / Resolving phase errors in microsphere assisted interferometry 501

represented as

Owr (2,y)=O0p(2,y)X Ty(x,y)X Te(x,y), (2)
where Tp (,y) is the wavefront influence function of the
standard plane. Throughout the movement of the sample
stage, the microsphere and the cantilever are stabilized
through the feedback system of AFM, ensuring the
parameters (,y ) in the formula remain unchanged. The
product of the wavefronts after phase conjugation results in
‘2

2
Ows (2,y)X O&p(x,y)Z‘Op(x,y)’ X’TM(x,y) X

Ts(a,y)X Ty (x,y), 3)
where Ty (x,y)and Ty (x,y)have equal values and they
represent a phase-insensitive function. The phase
information of the microsphere transfer function is
eliminated, allowing for accurate sample signal retrieval
through calibration of the phase-insensitive terms.

The precise control of the three-dimensional position
of the microsphere is crucial in this compensation
algorithm, and it is mainly divided into two parts.
Firstly, the position of the microsphere must be
precisely controlled to ensure the relative positions of the
CCD,
unchanged.

objective, and the microsphere remain

Otherwise, positioning errors of the
microsphere will be introduced in phase compensation.
Secondly, the

microsphere and the sample, as well as between the

relative  positions  between  the
microsphere and the standard plane, must also remain
consistent. Otherwise, changes in the microsphere’ s
own phase transmission, as described in simulation, will
be introduced. It is due to the aforementioned two factors
that we adopt AFM for precise control of the
thereby

enabling the utilization of the complex amplitude

microsphere’s three-dimensional position,
ph p

multiplication algorithm in MAL

4 Results and discussion

To validate the effectiveness of the compensation
algorithm, standard resolution target Group 9 Element 6
with line widths of 548 nm and period of 1 096 nm is used
for imaging, and the measurement results are presented
in Fig. 3. First, the white light interference optical path
without microspheres needs to be adjusted, focusing on
the sample surface and locating the Group 9 of standard
resolution targets. At this point, the reference mirror’ s
position is adjusted using a displacement stage to bring
the white light interference fringes near the Group 9.
Both the object light path and the reference light path
have angular adjustment mechanisms to optimize the
white light interference fringes.
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Fig. 3 Profile
(a) Interference fringes with microsphere. At this point,

target.

microsphere is in close proximity to sample; (b) Height results
of resolution target in (a). Results have not been included in the
compensation algorithm; (c) Height curve of resolution target
(line in b) and standard plane without compensation;
(d) Interference fringes of microsphere and standard plane;
(e) Height results after applying compensation algorithm;
(f) Height curve of line in (e) and AFM results

Next, align the center of the microsphere with the
standard resolution target and use the AFM system to
engage. Since the optical system’ s focal plane is on the
sample surface before engaging, the virtual image formed
by the microsphere lies below the sample surface. After
successful probe engaging, adjust the vertical height of the
sample stage so that the CCD focuses on the virtual image
plane. There is a certain positioning error between the AFM
and the optical path system, making it difficult to ensure the
microsphere remains in the previously aligned position
Additionally, the
microsphere’ s imaging field of view is approximately 9 pm,

when it contacts the sample.
the field of view might not capture the resolution target
information. In this case, the AFM system can be used to
scan the sample at low frequency with the microsphere, and
gradually adjust the optical path to achieve focus until the
target area is focused, as shown in Fig. 3(a). The
microsphere disrupts the symmetry of the interference
optical path; therefore, it is necessary to readjust the
position of the reference mirror to introduce white light
interference fringes within the microsphere. Due to the rapid
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phase change of the microsphere, the interference fringes
are denser. Therefore, the position of the microsphere and
the optical path focus should be adjusted before the
interference fringes appear, and after introducing the
interference fringes, the object light path should no longer
be changed.

After implementing the above process, we used the
piezo actuator in the reference mirror to control 20 nm
steps, completing the WLI measurement. The
calculated height measurement results are shown in
Fig.3(b) , where the fringes of the resolution target can
be clearly distinguished. The microsphere significantly
enhances the lateral resolution of WLI, but the vertical
information remains inaccurate. Fig. 3(c) shows the
height profile of the resolution target, revealing a height
difference of nearly 50 nm between the central fringes
and the fringes on either side, consistent with the
simulation results. To compensate for the phase
introduced by the microsphere, after measuring the
standard resolution target, the sample stage is adjusted
to move the microsphere to a non-structured standard
plane. The interference fringes between the microsphere
and the standard plane at this position are shown in
Fig.3(d) . Since the entire process is conducted under the
AFM feedback system, the distance between the
microsphere and the sample surface remains unchanged.
After applying the phase compensation algorithm, the
measurement results of the resolution target by MAI are
shown in Fig. 3(e). Fig. 3(f) presents the height
information from the line in Fig. 3(e), demonstrating
significant improvement over the results without phase
error compensation. We also use AFM to measure the
resolution target, as indicated in Fig. 3(f), showing
good agreement between the optical measurement and
the AFM measurement results. From this experiment, it
is evident that the introduction of the microsphere
enhances the lateral resolution of optical interference.
The application of compensation algorithms can
height
introduced by the microsphere.

significantly  reduce measurement  errors

To demonstrate the effectiveness of the phase
compensation algorithm, Fig.4 shows the phase-error
map derived from the uncompensated and the
compensated phase maps. As the sample area moves
away from the center of the microsphere, the phase error
introduced by the microsphere will be larger, and the
overall distribution will be symmetrical about the center
of the microsphere. From the phase-error map, it can be
seen that for MAI, especially when the sample is far

away from the center of the microsphere, phase

compensation algorithm is necessary.

-30 nm Height 170 nm

Fig. 4 Phase-error map derived from uncompensated and
compensated phase maps

These work demonstrate the measurement results when
the microsphere is in contact with the sample. However, in
practical measurements, researchers prefer to operate in lift
mode, which minimizes the invasiveness of the microsphere
on the sample and potentially enhances imaging
magnification. To further investigate the measurement
capabilities of MAI, we conducted measurements on a
DVD when the microsphere was at a distance of 500 nm
from the sample, precisely controlled by the feedback of
AFM. Since the DVD’s period was 735 nm, which was
smaller than the resolution target mentioned earlier, we
opted for lift mode to measure the DVD to enhance the
magnification. Through the experimental steps described
above, we obtain height measurement results for the DVD
before compensation as shown in Fig.5.
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Fig. 5
DVD height results; (b) Compensated DVD height results;
(¢) Height curve of line in (a); (d) Height curve of line in (b)

As the measurement field of view increases, the phase
error at the image edges becomes more pronounced. At a
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position 2.5 pm away from the center, the phase error has
already exceeded 100 nm. However, through the
compensation algorithm, we can still eliminate the majority
of the error.

In optical microscope, lateral imaging resolution is
typically calculated by 6=0.611/NA , while interference
lateral resolution is typically calculated by §=0.821/NA.
For smaller-sized structures, it is quite possible that image
quality might be better than the quality of profile
measurements. Hence, there is a situation where DVD is
easier to distinguish during imaging, while profile
measurements may not be regular as shown in Fig.5(d) . Of
course, this irregularity could also be related to the quality
of the DVD sample itself. However, we can still observe
that the compensation algorithm significantly improves the
accuracy of height measurements. The results in Fig. 5
demonstrate that the compensation algorithm also works
when the microsphere is lifted off the sample, providing a
new operating mode for MAT.

The phase compensation process is summarized in Fig.6.
The left are the results without phase compensation for the
resolution target, while the right are the results for standard
plane. With precise control of the microsphere’ s position by
AFM, the microsphere remains stationary in the field of
view, and its distance from the sample remains constant,
enabling phase compensation.
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Fig. 6 Phase compensation flowchart

5 Conclusions

We proposed a method that utilized MAM in WLI. To
overcome the problem of asymmetric optical paths and
inaccurate height measurements introduced by the
microsphere, we proposed a phase compensation algorithm
based on the three-dimensional position control of the
microsphere. This method significantly reduced the impact
of the microsphere and enhanced the lateral resolution of the
optical system. Through theoretical analysis and

experiment, we determined that specific error

compensation was essential for each microsphere and this

process necessitates precise manipulation of the
microsphere’ s three-dimensional position. We adhered the
microsphere to an AFM cantilever, enabling to accurately
control its three-dimensional position for error
compensation while also allowing for the selection of
regions of interest. We used a 50 pm microsphere and a
WLI with a theoretical lateral resolution of 1 670 nm,
achieving surface profile measurements of a resolution
target with period of 1 096 nm and a DVD with period of
735 nm. At the same time, the phase error introduced by the
microsphere is compensated, and the phase error can be
reduced by 50 nm for the 3 pm X 3 pm region. This method
opens up possibilities for the application of MAM in OIM,
significantly improving the lateral resolution and height
measurement accuracy of optical interference systems. It
provides a novel approach for optically measuring the

surface profile of intricate microstructures.
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