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Abstract: Microsphere-assisted microscopy (MAM) is a technique aimed at enhancing the lateral resolution of optical microscopy,
enabling high lateral resolution profile measurement when combined with interferometry. MAM can operate in lift mode, facilitating the
selection of regions of interest and expanding the field of view. The analysis of the lifting mode of microspheres in microsphere-assisted
interferometry is still insufficient, which affects the longitudinal measurement accuracy of microsphere-assisted interferometry. The phase
transmission mechanism of the microsphere was simulated in this paper, and the relationship between the phase distribution below the
microsphere and the distance between the microsphere and the sample was summarized. A combined system of microsphere-assisted white
light interference microscope was constructed, and the magnification factor and phase distribution of the microsphere in lift mode was
measured through atomic force microscope atomic force microscope (AFM) control of the microsphere’s position. The experiment
validated the simulated results of microsphere phase transmission, providing a theoretical foundation for microsphere-assisted

interferometry (MAI) in lift mode.
Key words: microsphere-assisted microscopy (MAM) ; microsphere-assisted interferometry (MAT) ; phase transmission; lift mode; optical
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microspheres. It enables microspheres to operate in a lift

0 Introduction mode above the sample surface, reducing sample

Microsphere-assisted microscopy (MAM) is a method invasiveness while facilitating field-of-view stitching.
aimed at enhancing the lateral resolution of optical However, the aforementioned efforts have been limited

. . . S to measuring two-dimensional information of samples.
microscopy, characterized by its simplicity of } o ) ,
. . . . . In practical applications, there is a growing demand for
implementation and compatibility with other optical e the three-di : nal fle of les 1
. . acquirin e three-dimensional profile of samples to
systems"?. In 2011, MAM was first proposed , wherein quiring ap P
. , o achieve more comprehensive measurements of
the silica microspheres with diameter of 2 pm—9 pm were .

microstructures.

placed on the sample surface to enhance the optical system’s

. MAM 1s combined with traditional interferometric

lateral resolution”. Under visible light illumination, [15.16]

techniques such as digital holography

interferometry"”', and

phase-

structures with minimum feature sizes as small as 50 nm can

shifting white-light

~ 4) NG ~
be resolved. The diameter™, material™, immersion interferometry (WLI) " to obtain high lateral resolution

depth”, and ! !

analyzed, and the microspheres

illumination” of microspheres® were

surface profile information. However, these studies
- 1were modified, thus

merely place microspheres on the sample surface or
20]

enhancing the resolution capability of MAM. This

integrate them with the objective™, without controlling

capability leads to the widespread application of MAM in
fields such as microstructure fabrication and life sciences.
To broaden the application of MAM, manipulation

techniques such as transparent thin films"™, optical

[11,12] [8.13,14]

tweezers and cantilevers are adopted to

control  the three-dimensional position of the

the microspheres to achieve measurements in the lift
mode. In addition, the analysis of the phase transmission
mechanism of the microsphere is less, which leads to the
influence of the microsphere in the interferometric
system, and the measurement of the sample height
information is not accurate.
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To address these issues, Comsol multiphysics and
Zemax optics studio were employed to simulate the
phase transmission of the microsphere, exploring its
phase distribution. The variable of the distance between
the microsphere and the sample was introduced , and the
relationship among the width of the microsphere center
phase transition area (CPTA), the maximum phase
difference, and the distance between microspheres and
samples is established. A system combining MAM with
WLI was constructed and the magnification factor of the
microsphere and the phase distribution beneath
microspheres relative to the distance between the
microsphere and the sample was measured through
(AFM)

three-dimensional

atomic force microscope manipulation of

microspheres’ position.  The
experimentally obtained phase distribution validated the
simulation results, thereby mutually reinforcing each
other. The simulations and experiments presented in this
paper laid a foundation for improving the height
measurement  accuracy  of  microsphere-assisted
interferometry (MAI) and for implementing MAT in the

lift mode.

1 Simulation of microsphere phase

transmission

In order to investigate the phase transmission
mechanism of microspheres, the phase distribution of
microspheres was simulated from the perspectives of
wave optics and geometric optics, and the similarities
and differences between the two simulation methods

were compared.
1.1 Wave optics

combination of MAM and

interferometry, the primary material used was silica,

Currently, in the

with diameters typically in the tens of micrometers to

ensure adequate 1imaging field for microspheres.
Therefore, the silica microsphere with a diameter of
50 pm was selected in the simulation. Fig.1 presents the
simulation results of the optical electric field intensity
distribution and phase distribution of the microsphere
using Comsol multiphysics. As the experimental
illumination source in the experiment sections was white
light with a central wavelength of 570 nm, employing
Kohler illumination, the simulation adopted collimated
light with a wavelength of 570 nm from the top of the
region to illuminate the microsphere. Perfectly matched
layers (PML) with a thickness of one wavelength were

added around the simulation region to simulate a more

realistic distribution of the optical field. The simulation
region was set to be 60 pm X 100 um to accommodate a
microsphere with a diameter of 50 pm and demonstrate
its ability to focus the light beam.

Fig. 1(a) shows the distribution of the electric field
intensity after collimated light enters the microsphere. The
collimated light focused beneath the microsphere, forming
the nanojet. Fig.1(b) shows the phase distribution after the
collimated light enters the microsphere. It could be
observed that the phase distribution was uniform before
passing through the microsphere, whereas significant phase
changes occurred beneath the microsphere. The phase
beneath the microsphere could be divided into two regions:
above and below the focal point. Above the focal point, the
phase distribution was complex, while below the focal
point, it resembled the phase distribution formed by a point

source of light at the focal point.
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Simulation results from Comsol multiphysics.

Fig. 1
(a) Electric field intensity distribution; (b) Phase distribution

Fig. 2(a), (c¢), (e) shows the phase distribution
curves beneath the microsphere at distances of 0 nm,
500 nm, and 1 000 nm, respectively. Due to the
illumination wavelength of 570 nm and the observation
range of 50 pm, the phase changes were dense, making
it difficult to discern intuitive trends. Therefore, phase
unwrapping were performed by Matlab unwrap function
of Fig.2(a), (¢), (e) to obtain Fig.2(b), (d), (D,
indicated that as the
observation position moved away from the center of the

respectively.  The results
microsphere, the phase curve exhibited a trend of
initially increasing and then decreasing. The region
where the phase increased with the distance from the
center of the microsphere was called CPTA. From the
simulation results of microsphere phase transmission, it
was evident that the phase distribution beneath the
microsphere was not merely a spherical envelope curve
but rather the result of the complex transmission of light
through the microsphere.

When the microsphere is used for imaging, the

available imaging area of the microsphere typically does
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not exceed its own size. Considering that the
magnification factor of microspheres is usually between
2.5 to 4, and from experimental experience, it can be
determined that the usable field of view for a 50 pm
diameter microsphere is approximately half of the
microsphere’s diameter when viewed in the CCD
Assuming a minimum magnification of 2.5 times, the
actual imaging field of view is calculated to be 10 pm.
The calculation showed that the usable field of view of
within the CPTA

Therefore, the analysis of the CPTA was of significant

the microsphere was range.

importance.
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Fig. 2 Phase distribution below microsphere. (a) Phase

distribution at a distance of 0 nm; (b) Unwrapped result of
(a) ; (c¢) Phase distribution at a distance of 500 nm;

(d) Unwrapped result of (¢) ; (e) Phase distribution at a

distance of 1 000 nm; (f) Unwrapped result of (e)
From Fig.2(b), (d), (f), it can be observed that the

phase variation within this region forms relatively
smooth curves. Two parameters were used to describe
the characteristics to depict the trend of the region’s
variation: the width of CPTA and the phase difference
between the center and the edge. The CPTA of the
microsphere varies with the distance between the
microsphere and the sample, as shown in Fig.3.

As shown in Fig.3(a) ,
CPTA exhibits an oscillating decreasing trend with

the phase difference within the

increasing distance of the microsphere from the sample
surface. It indicated that as the microsphere moved further
away from the sample surface, the phase difference
between the center and the edge decreased, and the phase
distribution beneath the microsphere changed more
gradually. From the perspective of microsphere phase
distribution, it was evident that the microspheres were
more suitable for interference measurements in the lift
mode. The width of the central region decreases as the
distance between the microsphere and the sample
increases, as shown in Fig. 3(b). It was because the
influence of the microsphere on the optical field below
primarily concentrates in the central region. As the
observation plane approached the focal point of the
microsphere with the increase in distance between the
observation plane and the microsphere, the width of the
CPTA decreased.
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Fig. 3 Relationship between phase difference and distance,
CPTA width and datance. (a) Relationship between phase

difference and distance; (b) Relationship between CPTA width
and distance

1.2 Geometric optics

Zemax optics studio was employed to simulate the
phase distribution beneath the silica microsphere with a
diameter of 50 pm, aiming to compare the differences
between wave optics and geometric optics simulation

methods. Fig. 4 depicts a schematic diagram of the
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simulation, where collimated light with a wavelength of
570 nm is incident from the left side through an aperture
onto the microsphere and impinges on the object surface.
The sampling of the incident light is set to 4 096 pixels X
4 096 pixels. Both the aperture and the microsphere are
set with an aperture diameter of 25 pm, and the
microsphere is made of silica. The object surface, acting
as the observation plane, was closely positioned beneath

the microsphere.

Observation
Microsphere plane

1

Fig.4 Zemax optics studio simulation

The phase distribution on the observation plane beneath
the microsphere is illustrated in Fig.5. Before unwrapping,
the phase appeared somewhat chaotic, but it’s apparent that
the phase variation was smoother compared to the results
simulated using Comsol multiphysics. Moreover, aside
from the CPTA, the phase variation on the periphery did
not reach n. Fig.5 (b) presents the phase distribution after
unwrapping the phase distribution curve from Fig.5(a).
Although the phase variation trend simulated by Zemax
optics studio was similar to that of Comsol multiphysics,
both exhibiting a CPTA , the width of the CPTA and the
phase difference between the center and the edge were not
identical. The phase variation simulated by Zemax optics

studio appeared to be smoother.
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Fig. 5 Phase distribution simulation results from Zemax optics
studio. (a) Phase distribution at a distance of 0 nm; (b)
Unwrapped result of (a)
Zemax exhibited a phase distribution trend similar to
Comsol, although their values differed, primarily due to
Firstly, the

microsphere diameters in the micron range and visible

two  reasons. simulation employed

light wavelength, while Zemax was more commonly
used for geometric optics simulations. The reliability of
phase distribution simulations at this scale in Zemax may
not match those conducted with wave optics simulations
using Comsol. It was evident from the width of the phase
simulation results in Zemax, where the X-axis direction
exhibited finer regions, and the analysis primarily
focused on positions of concentrated light intensity while
neglecting the edge regions. Secondly, considering the
limitations of simulation conditions, the sampling rate of
the collimated light source may introduce errors to the
simulation. Nevertheless, the simulation results from
Zemax confirmed the trends observed in the Comsol
simulation results.

2 Experiments

To verify the phase distribution of the microsphere in
the lift mode, a combined system of MAM and WLI is
constructed, as illustrated in Fig.6.
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PZT2 Microsphere

Fig. 6 Microsphere-assisted white-light interferometry system
(Position of microsphere is precisely controlled by AFM )

The system mainly consisted of white light
interference microscope and AFM"Y. The system
adopted a Linnik configuration to ensure the working
distance of the objective lens, and the illumination
a white-light

wavelength of 570 nm. LL1 was a collimating lens that

source was source with a central
adjusted the white-light source to parallel light. .2 was a
which ensured that the
illuminating light was parallel to the sample, along with
the objective MO1 and MO2 positioned behind it. A

50:50 visible light wavelength beamsplitter was used to

Kohler illumination lens,

ensure the quality of interference between object light
and reference light. Two 10X objective lenses MO1 and
MOZ2 were placed in the object light path and reference
light path, respectively. Their positions were precisely
adjusted to ensure the symmetry of the interference light
path. A tube lens TL was installed on the camera to
ensure that the CCD collected the sample image. The
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reference mirror M was placed on the piezo actuator
PZT1 to achieve WLI scanning, with a step distance of
20 nm between images. The sample was positioned on
the displacement stage of the AFM to achieve focusing
and selection of the region of interest.

The microsphere was adhered to the AFM by nano-
manipulation™. By engaging, the microsphere can reach
the sample, and by adjusting the piezo actuator PZT2 of
the AFM, the microsphere can be lifted from the sample
surface. Both the lowering and lifting operations were
performed under the feedback of the AFM to ensure the
accuracy of microsphere position control. The structure
of the microsphere and AFM is depicted in Fig.7, where
the microsphere is adhered to the side of the cantilever to
allow the illuminating light to pass through the

microsphere for imaging.
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Fig.7 Structure of microsphere probe and laser path of AFM

To investigate the imaging quality of MAM in lift
mode, the USAF 1951 standard resolution target
(2017a_USAF _Dmnd, Ready Optics) was used as the
sample. The constructed system was employed to test
the magnification of the microsphere when the sample
was at different distances, ranging from O nm to
1 000 nm with intervals of 50 nm. Fig. 8 displays the
imaging of the standard resolution target Group 9
Element 6 captured by MAI. It was evident that the
standard resolution target with line width of 548 nm and
period of 1 096 nm could be easily resolved by the

microsphere.

Fig. 8 Image of standard resolution target

Fig. 9 presents the measurement results of the
magnification when the microsphere is lifted from the
sample. The magnification of the microsphere is
calculated as the ratio of the magnification of the imaging
system with the microsphere to that without the
microsphere. Due to the presence of certain aberrations
and distortions in the microsphere and the fact that the
magnification at the edge region may differ from that at
the center region, the magnification measurement only

considers the central region of the microsphere.
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Fig. 9 Relationship between magnification of microsphere and
distance

When the microsphere is lifted from the sample, the
magnification should follow a relatively smooth curve.
However, in actual measurements, the magnification is
calculated based on the number of pixels corresponding
to the periodicity of the resolution target in the field of
view. Since the feature size of the standard resolution
target used for calibration was small of the system, with
each line width being only about 5 pixels, the
magnification values were not continuous. Moreover,
since the position of the virtual image plane also changed
when the microsphere was lifted from the sample, it was
necessary to refocus each time when the microsphere
position was adjusted. Considering the limited depth of
field of the objective lens, inaccurate focusing may
introduce some errors. Therefore, the measurement
results in Fig.9 appear as a broken line.

The magnification of the microsphere is fit using

virtual image theory™”

, as shown by the dashed line in
Fig.9. It could be seen that the measured magnification
of the microsphere aligned well with the theory of virtual
image magnification. Magnification 1s a crucial
parameter for imaging and interferometric measurements
using the microsphere, as it directly affects the accuracy
MAI.  Additionally,

according to the theory of virtual image magnification,

of lateral measurements in



154 Journal of Measurement Science and Instrumentation

Vol. 15 No. 2, Jun. 2024

the magnification of the microsphere also influenced its
super-resolution capability. Investigating the variation of
magnification as the microsphere is lifted from the
sample surface helps analyze the microsphere’ s optimal
working position.
The phase
microsphere is crucial in the application of MAM in

transmission  mechanism  of  the
interference systems. The phase distribution of the
microsphere in lift mode is measured using a standard
plane as the sample, and the results are shown in the
Fig. 10. Fig. 10(a) depicts the white light interference
fringes of the microsphere at the standard plane. During
the process of raising the microsphere, the interference
fringes changed subtle change. Fig. 10(b), (c), (d)
display the phase distribution obtained at distances of
0 nm, 500 nm, and 1 000 nm, respectively. It could be
observed that the phase error introduced by the
microsphere exhibited a centrally symmetric distribution
with smaller phase errors in the central region and larger
errors away from the central region, similar to the

simulation results.

5 pm

200 nm

=50 nm

(b) () ()

Fig. 10 Measurement of phase distribution of microsphere.

(a) MAI imaging of a standard plane; (b—d) Phase distribution
of microsphere at distances of 0 nm, 500 nm, and 1 000 nm
As the distance between the microsphere and the
sample increased, the phase distribution did not exhibit
significant changes. For a 50 pm microsphere, the
changes in the range of 0 nm—1 000 nm could not be
distinctly visualized in the parula colormap. Fig. 11
presents the height curve results from Fig.10(b), (c),
(d) which undergo Gaussian first-order blurring to

remove noise. The three curves are aligned based on the

lowest point of the central phase to facilitate better
comparison. The overall trend of the phase distribution
curves exhibited a symmetrical pattern around the
microsphere center, with the rate of phase variation
increasing as one moved away from the central region.
The farther the microsphere was from the sample, the
faster the phase distribution changed, and the greater the
difference between the phase at the edge and the center,
When the
microsphere was raised to a distance of 1 000 nm, the

resulting in narrower curve openings.

phase error at a distance of 1.5 pm from the central
sample reached 20 nm, with no significant impact on the
central trend.

In the optimal imaging area of the microsphere,
namely the central region of the microsphere, the
measurement results of  microsphere-assisted
interference measurements were not sensitive to the
distance between the microsphere and the sample, while
the edge region was more affected. In Fig.11, the phase
distribution curve of the microsphere is fit at a distance of
0 nm from the sample using circular functions. The
showed that although the

distribution curve of the microsphere was similar to a

fitting  results phase

circle, it was not exactly the same. The phase
distribution curve of the microsphere’s edge increased
more rapidly than that of the circular function, which
was consistent with the simulation results.

100
0
80 e 500 nm
1 000 nm
= = = = (ircle

Phase/rad

X/pum

Fig. 11 Phase distribution curves of microsphere at different
distances and circular fitting results. This figure presents
profile results of phase distribution shown in Fig. 10(b-d)

MAM were combined with WLI to successfully
measure the phase distribution of the microsphere under
lift mode, validating the simulation results, providing
guidance for MAI. As the microsphere was lifted, both
the magnification factor and the phase transmission of the
microsphere changed with the distance between the

microsphere and the sample, affecting the accuracy of



HONG Yujian, ez al. / Microsphere phase transmission analysis in microsphere-assisted interferometry lift mode

155

lateral width and vertical height measurements of the
sample. Comprehensive analysis of various influences of
the distance between the microsphere and the sample
helps determined the optimal working distance of the
microsphere, thereby
capability of MAT.

enhancing the measurement

3 Conclusions

Lift mode was explored in MAI, and the phase

transmission mechanism of the microsphere was
simulated from both wave optics and geometric optics
The

distribution beneath the microsphere and the distance

perspectives. relationship between the phase
between the microsphere and the sample was analyzed.
It could be summarized that the width of the CPTA
decreased with increasing distance, and the phase
difference between the center and the edge decreased
with increasing distance. A MAM-WLI integrated
system was constructed, the microsphere was
introduced into the interference optical path, and AFM
distance between the
This enabled the

determination of the magnification factor and phase

was used to control the

microsphere and the sample.
distribution of the microsphere and their relationship
with the distance between the microsphere and the
sample, thereby validating the simulation results and
laying the groundwork for further development of MAT.
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