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Analysis of Geometrical Qualities and Functionalities of Pupil-filters
Used for Super-resolution Imaging
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Abstract: The Spearman’s correlation coefficients between various fabrication errors and functionalities
were analyzed on a 3-belt phase-only pupil-filter. Three kinds of pupil-filters with different numbers of
belts were compared to identify the influence of eccentricities of different belts. The correlation
coefficients between eccentricity and the radius at half central intensity and Strehl ratio are both greater
than 0. 8, and rounding can cause the intensity of the first order sidelobe changing up to 29. 04 %, thus
these two parameters are identified as the significant geometrical parameters. Besides, the eccentricities
of outer belts affect the super-resolution performance more significantly than inner belts, therefore they
need to be controlled with tighter tolerances. This method provides a theoretical foundation and a
versatile technical route for the effective specification in design and manufacturing of micro-optical
elements.
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0 Introduction

Dating from the 1960s, with the advent of laser, it
has been witnessed that micro-optics, featured in the
micrometer to nanometer range, are increasingly

]

encroaching in the modern technical domain"’. In most

cases, the functionalities of micro-optics, like

diffraction®™ are realized via the intricate micro-
structures on the functional surfaces.

At present, the surface specifications for
geometrical parameters standardized in ISO 25178-2.
2012"7 etc are based on traditional stochastic surfaces,
describing the statistical properties of some overall
textures (e. g. roughness, waviness and form error)
and neglecting the effect of individual features. As
micro-optical elements are manufactured with micro-
fabrication technology, the micro-structures (e. g.
binary steps and pyramids) contain some sharp features
and steep slopes; hence they are very difficult to be
measured. While verifying the functional behavior, in
most cases the performance of the workpiece is
compared to a nominal shape to examine whether the
design targets are fulfilled. This approach cannot
provide reliable information about the quality of the
element. Moreover, the diversities in micro-optics and
their functionalities make it challenging to develop a
universal guideline for the specifications of geometrical
parameters and their tolerances. Thereby the lack of
information concerning the correlation between the
geometrical qualities and functionalities results in the
blindness in choosing surface parameters and setting
tolerances in the design process. The fabrication
difficulty and cost will in turn be increased factitiously.
Hence, a new quality control procedure needs to be
established in a function-oriented way to ensure the
reliable inter-relationship between the geometrical
The pupil-

filter structured in binary reliefs is a typical micro-

specifications and functional properties.

optical element used to realize super-resolution
imaging. Luo et al""’ have demonstrated that a phase
pupil-filter achieves better super-resolution
performance than amplitude pupil-filter. Zhao et al. ™’
investigated the fabrication errors of several structural
parameters. However, the calculation was based on
the assumption that the Point Spread Function (PSF)
of the imaging system 1is symmetrical, which is
obviously not reliable. Liu et al."” investigated the
influence of different intensity profiles of Gaussian
beam on the super-resolution performance, but the
dimensional parameters of the pupil-filter were not

[7-9]

considered. Weckenmann and Hartmann""" proposed a

method to define geometrical parameters with the

intended function based on a parameterized

mathematical-physical model. This method defines
geometrical parameters in a function-oriented way and

makes the functionalities quantitatively predictable.

1 Identification of effective geome-
trical parameters of micro-optics

The target of wunderstanding the correlation
between topographies and functional performance is not
only to ensure the significance of dimensional
parameters, but also to develop a standardized quality
control procedure which empowers the communication
for engineers. The proposed method is composed of
five steps, as below.
1.1 Definition of surface quality parameters

The geometrical parameters to be defined depend
on the particular shapes and fabrication processes of the
elements. It should be noticed that the featured
structures on the surfaces by which the element
achieves its functionality need to be recognized
primarily. For the extreme complication in topography,
the micro-morphologies can be divided into various
classes of fabrication errors according to scales and
shapes which will in turn influence different
functionalities pertinently. With more comprehensive
knowledge about the manufacturing of particular micro-
optics, the fabrication errors can be modeled more
reasonably. As a consequence sufficient geometrical
parameters should be considered to cover all the
structural features on the surfaces.
1.2 Identification of functional parameters

The functional parameters can be defined based on
the practical applications, like the homogeneity of light
patterns for beam shaping, or the aberration for optical

Besides the should be

distinguished according to their degree of importance.

imaging. functionalities
1.3 Simulation of functional performance
Before simulation, an optimal system should be

established, and the

parameters should accord with practical fabrication.

variations of geometrical
Then the actual optical performance of the elements
added with various fabrication errors can be calculated.
It is worth mentioning that appropriate approximation
should be conducted on the mathematical-physical
model to get a balance between the calculation costs
and modeling accuracy in the simulation analysis.
1.4 Analysis of correlations

This step is aimed to investigate the quantitative
interrelationship between the geometrical parameters
and functionalities. Based on the simulation results,
the Spearman’ s correlation coefficients between the
fabrication errors and functional properties can be
analyzed. The correlation coefficients are classified into

5 levels to assess the degree of dependence between
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[ More importantly, this

different parameter pairs
method can be applied for multi-factor analysis.
1.5 Determination of significant parameters
According to Spearman’ s rank correlation
coefficients matrix, the geometrical parameters that
influence the functionalities will be

Then a set of

significantly

determined. significant  quality
parameters which can effectively control the actual
performance of the micro-optical elements is identified

for the designers and to avoid over-tight tolerances.

2 The pupil-filter used for super-
resolution imaging

Super-resolution means that the spot size of the

PSF of an optical system is beyond the diffraction limit.
117

According to Rayleigh criterion'"”, the two separated
objects in an image can be distinguished by human eyes

when the contrast factor is K=15%. K is expressed as

Imax — Imin
A LT L,
and the minimum resolvable distance is expressed as
oc=1.22 % @Y

where I, and I, are the maximum and minimum
intensities, respectively, A is the wavelength, f is the
focal length of the objective, and D is the diameter of
the lens’ aperture. The pupil-filter provides a solution
to achieve super-resolution. It is placed at the entrance
pupil of an objective lens, which is easy to realize in a
microscope system.
2.1 Pupil-filter design

Based on scalar focusing method, the lateral
normalized intensity distribution in the focal plane of a

3-blet phase-only pupil-filter is denoted as-'*'"

2
I(p:0)= ?{]1 (p)—2[al, Cap) — 0], (bp) ]}

where J, (p) is the first-order Bessel function of the
first kind, a and b are the normalized outer and inner
radii of the pupil-filter, and p is normalized radial
coordinates p= (2rn/A) (NA) R, with R denoting the
genuine radial coordinates, and NA is the numerical
aperture of the objective lens. The optimal value of a
and b can be obtained through

' 1(ps0) —0

apz =0

To design a pupil-filter with NA greater than 0. 6,
a vector focusing method is preferred'”’. For an n-belt
phase-only pupil-filter, the components of the field can
be written as'"*'"

E,=—iA (I, +I,cos 2¢)

E,=—iAlsin 2¢

E.=—2Al cos ¢
with

I, = J v cos Osin (1 + cos )], (krsin §)
0
exp (ikzcos 0)dd
I, = Ja Vv cos Osin® 0] | (krsin 0)exp (ikzcos 0)dd
0

I, = J J/cos Gsin 0(1 — cos 0) J, (krsin 0) «
exp (ikzcos &) do

a=arcsin NA
A=xl, /X
where ¢ is the azimuthal angle, 4 is the wave vector,
Jos Jis and J, are the first kind Bessel functions in the
zero, first and second orders, respectively.
2.2 Typical geometrical parameters
One of the state-of-the-art
technologies to produce micro-optics is UV-LIGAM'®,

manufacturing
During the manufacturing process, the alignment
accuracy determines the relative position between
micro-structures; the limited size of light spot brings in
quantization error in edges, and the resulted apex angle
can scatter incident light, reducing the efficiency of
products due to diffraction™’’. Optical proximity effects
occur, one result of which is to smooth the sharp
edges™’.

In consideration of the primary types of fabrication
errors in practice, four parameters are adopted. The
schematic graph about the eccentricity and deflection
angle is shown in Fig. 1(a). For simplicity, the center
of the nth belt of an n-belt pupil-filter is set as origin O
in the polar coordinates system. The line passing
through the center of the first-belt O, and O is set as
the polar axis. The radius of the »# th belt is normalized
to be 1, and the radius of the & th belt is termed as r,.
Thereby the center of the A-th-belt is biased from O
with a normalized distance of p,and a deflection angle of
0,. It should be clarified that , =0, and 6, is between 0
and w. The rounding effect of boundary can be
generated by the Gaussian filtering with a half window
width of w, to smooth the profile of the pupil-filter, as
shown in Fig. 1(b). Fig. 1(c¢) shows the belt with
roundness caused by the positioning error of the
fabrication system. Let the radial length of the actual
belt be h;. The roundness of the kth belt can be

expressed with root - mean - square value of the distance

(¢) Roundness

(a) Eccentricity and

(b) Rounding
deflection

Fig. 1 Schematic graph for the profiles with fabrication

errors
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2.3 Functional parameters
The intensity profiles of the Airy disk and super-
resolution light pattern are shown in Fig. 2 and some

functional parameters can be defined as

G=" 2
rp
Strehl:ﬁ 3)
I,

Here G is the radius at which the main lobe intensity of
the super-resolved light pattern falls to half of the
central intensity divided by the corresponding radius of
the Airy disk. Strehl is the central intensity of super-
resolved light pattern divided by that of the Airy
disk™!,
the k-th sidelobe I, and the central intensity for super-

M, is the ratio between the peak intensity of

resolved light pattern S,...
In order to describe the intensity profile more
completely, the valley intensity of the k-th order L,is

also recorded.

TON
\
\ ———~- Diffraction limit
\\ Super-resolution
\
\
L |
\
\\
Snmx \ \\
......... \ I L
Sa/2 \Q&’_l_\ L 2
T
¥p
Fig. 2 Intensity profiles

3 Results and discussion

The structured surfaces with fabrication errors are
modeled with MATILAB, and the output optical field of
VirtualLab. The
wavelength of the light source is 632. 8 nm. The effects

the pupil-filters is traced by
of the fabrication errors listed above are analyzed on a
3-belt phase-only pupil-filter with the normalized radii
r1=0.28 and r, = 0. 5575, The focal length and
pupil diameter of the objective lens are 160 mm and
Thereby  the
distinguishing distance 20. 5871 pum can be obtained

6 mm, respectively. theoretical

using Eq. (1). Additionally, under the condition of
K=15%, the
21.1596 ym  without

resolved distinguishing distance is 16.17 pm.

system’ s Rayleigh distance is

pupil-filter, and the super-
3.1 Eccentricity and deflection angle
Due to the asymmetry of the pupil-filter, the

symmetry of the output light pattern is checked by
comparing the minimum and maximum values on the
contour with the peak intensities in the first-order
sidelobe. Fig. 3

normalized intensities ranging between 0. 001 0 and

shows their difference in the

0.046 1, where the x and y coordinates stand for p,

and p, , respectively, ranging between 0 and 0. 06.

0,=60°

0,=30°

&
RBAL

0,=90° 0,=120° 0,=150°

0,~180°

Fig. 3 The intensity difference for different p; , p, and 6

It is obvious that the difference is getting larger as
o1 » p. and 0, increase, indicating the deterioration of
symmetry of the output field. Here the imaging
resolution is determined by the worst direction of the
light field.

Table 1 shows the correlation coefficients between
the geometrical parameters and the super-resolution
factors, where the absolute values of correlation
coefficients are classified into 5 levels as noted. The
eccentricity of the outer belt p, influences G and Strehl
more significantly than the inner belt p, does, and the
deflection angle has a weak influence. As a result p, is
a significant parameter to be specially considered in
quality control.

Table 1 Correlation coefficients of eccentricity and deflection

o P2 0

G 0.016 6 0.899 2 0.163 5
Strehl —0.150 3 0.848 5 0

M, 0.277 6 0.437 0 0.517 7

M, —0.303 6 0.247 4 —0.0217

Note:

« 0.80-1.00 very strong

* 0.60-0.79 strong

* 0.40-0.59 moderate

«  0.20-0.39 weak

s 0.00-0.19 very weak

1022001- 4
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3.2 Rounding
The difference

maximum intensities shown in Fig. 4 in solid line is very

between the minimum and
small, indicating that the output field has good
symmetry. Since the rounding is set to test the super-
resolution, the changing rates of the functional factors

are calculated as well, as shown in Table 2.

c/(x107%)
0 12.5 25.0
0.06 .
Rounding(w)
---------- Roundness(c)
0.03 FA
o e
0.75 1.50

w
Fig. 4 The intensity difference for rounding and roundness
Table 2 The effect of rounding
G Strehl M, M,
Correlation coefficient 0.974 7 0.891 5 0.927 1 —0.986 2
Rate of change/%  10.47 17.80  29.04 9.41

3.3 Roundness
The intensity difference is illustrated as a dotted
line in Fig. 4. It is evident that the light field is not

symmetric under the fabrication error roundness. As

the roundness, eccentricity and deflection angle cause
asymmetry to the topography of the pupil-filter, while
the pupil-filter is still perfectly symmetric accompanied
with the error rounding. It is the symmetry of the
pupil-filter that affects the light pattern directly. The
correlation coefficients and changing rates of the super-
resolution parameters are shown below.
Table 3 The effect of roundness
G Strehl M, M,

Correlation coefficient 0. 908 5 0. 838 5 —0.881 9—0.060 1

Rate of change/ % 1.29 0. 34 16. 87 6. 88
Obviously the rounding affects the super-
resolution behavior more significantly than the
roundness.

3.4 The 5-belt and 7-belt pupil-filters

As demonstrated in the 3-belt pupil-filter, the
eccentricity of the second belt has greater influence on
super-resolution than the first belt. Now the relative
significance of different belts is also investigated for the
5-belt!® and 7-belt!"’ phase-only pupil-filters. The
normalized intensity profiles with different eccentric
distances on the first and (n-1) th belts for the n-belt
pupil-filter are presented in the upper and lower rows
of Fig. 5, respectively. Fig. 6 shows the values of the
valley intensity L, and radius G. The captions (a),
(b), (c) stand for 3-belt, 5-belt and 7-belt pupil-

filters, respectively.

1.0 1.0
"""""""" P el J
Z £,=0.03 . £,=0.02 g
g —————- p=0.06 | Z mememes =004 |5
E ] amma- =0.09 2 ———— =005 =
g 05 P1 E 05 P g
k5| = =
S i &
= &
0 0 . s .
20 40 60 20 40 60 80 20 40 60 80
Transverse distance/um Transverse distance/um 10 Transverse distance/pum
1.0 1.0 .
----------- p:=0 s =0 _ .
g p.=0.03 = £,=0.02 Z pe=0.01
5 i ,=0.06 g - £.=0.04 8 |1 memem- p=0.02
E Ly mem—- p=0.09 £ ——— =005 | £ |} =me—- ps=0.03
2 05 s 05 g 05
5 ; =
o) = &
= &
0 . 0 X . .
20 40 60 20 40 60 80 20 40 60 80

Transverse distance/pum
(a) 3-belt

Transverse distance/pum
(b) 5-belt

Transverse distance/pum
(c) 7-belt

Fig.5 Intensity profiles with eccentricity
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0 b 0 0
0.045 0.090 .050
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0.77 0.72 - 0.72 -
0 0.045 0.090 0 0.025 0.050 0 0.015 0.030
p p p
(a) 3-belt (b) 5-belt (c) 7-belt
Fig. 6 L, and G with eccentricity

With the eccentricity and the order of the pupil-
filter belt increasing, L, is getting greater as well,
which causes the expansion of the mainlobe, thus

the
Thereby the quality of the outer belt influences super-

leading to decline of super-resolution ability.

resolution property more severely. In another word,
the eccentricity of the outer belt needs to be controlled

with tighter tolerance than the inner belts.

4 Conclusions

From the detailed analysis it can be concluded that
the geometrical parameters eccentricity and rounding
can be determined as the function-oriented geometrical
parameters. Besides, the eccentricities of the outer
belts need to be controlled more tightly than the inner
belts. It is demonstrated that this method of quality
control for pupil-filter is versatile, thus it can be
applied to determine the design specifications of other
micro- structured elements.
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