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Planar super-oscillatory lenses (SOLs) can exert far-field foci beyond the diffraction limit free from the
contribution of evanescent waves. However, the reported design methods of SOLs are always compli-
cated and divergent, leading to a poor control over the desired focusing patterns. Furthermore, the exist-
ing device sizes of SOLs are mainly within hundreds of micrometers accompanied by a subwavelength-
scale feature size. Here, we propose a general optimization design model for realizing flexible focusing
patterns, e.g. multifocal and achromatic contours. Additionally, a novel design called the chromatic-cus-
tomized SOL fighting against the dispersion rule of traditional diffractive optical elements (DOEs) is also
demonstrated based on the proposed flexible algorithm. The diameters for all the SOLs reach 12 mm with
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30 pm minimum feature size, which can be easily fabricated by employing the conventional optical litho-
graphy technique. Such centimeter-scale, light weight and low-cost lenses reveal new capacities of arbi-
trarily customized optical patterns in various interdisciplinary fields including parallel particle trapping,
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Introduction

The conventional optical lenses are subjected to two major
challenges, i.e. resolution limit and chromatic aberration.
Moreover, the inevitably bulky form makes them hard to inte-
grate, resulting in ever-growing efforts to develop omnifarious
planar lenses. Superlenses' and plasmonic lenses*> have been
studied for more than twenty years as two kinds of planar
lenses, in which surface plasmons behaving as a kind of eva-
nescent wave were manipulated to realize super-resolution in
the near field, mainly for applications in super-resolution
imaging®® and nanolithography.” However, the evanescent
waves attenuate exponentially due to the energy loss in the
medium and cannot propagate to the far field or even the
quasi-far field, imposing a fatal limit for practical uses.
Recently, metalenses constructed as optical metasurfaces,
which are two-dimensional configurations of metamaterials of

“Key Laboratory of Micro/Nano Systems for Aerospace (Ministry of Education),
Northwestern Polytechnical University, Xi’an 710072, China.

E-mail: yyt@nwpu.edu.cn

bShaanxi Province Key Laboratory of Micro and Nano Electro-Mechanical Systems,
Northwestern Polytechnical University, Xi’an 710072, China.

E-mail: yuanwz@nwpu.edu.cn

tElectronic supplementary information (ESI) available: details of performance
tracking, design parameters, optical measurement, and super-achromatic SOL
design. See DOI: 10.1039/c8nr07985d

This journal is © The Royal Society of Chemistry 2019

full-color high-resolution imaging, and compact spectral imaging.

ultrathin thickness, have caused considerable concerns since
they can control light propagation in a desirable manner and
achieve foci close to the diffraction limit, providing a feasible
route to develop planar optical devices.®'* Owing to the sub-
wavelength-scale unit cell, the device sizes for this kind of
planar lens can be fabricated with difficulty to the centimeter
scale suitable for visible light.

On the other hand, a non-invasive optical far-field focusing
and imaging technique based on super-oscillatory lenses
(SOLs) was also proposed."*™'® The optical super-oscillation
phenomenon is the delicate interference of far-field propagat-
ing waves carrying the fine physical details of objects, and it
can be accurately engineered to achieve sub-diffraction-limit
foci, even smaller than the size defined as the super-oscillatory
criterion 0.384/NA (where NA is the numerical aperture).'”'®
However, the peak-intensity ratio between the strongest side-
lobe and central main-lobe is 16.2% for super-oscillation hot-
spots, and the focal spot can be further reduced with the expo-
nentially increasing side-lobe intensity.'® Consequently, the
small super-oscillation hotspots are always accompanied by
the inevitably moderate side lobes, bringing a certain inconve-
nience for practical applications, especially in the field where
it doesn’t need a too small hotspot but a wide enough effective
field of view for optical imaging. To make a reasonable
balance among centimeter-scale lens, the subwavelength
hotspot, extremely long working distance and relative weak
side lobes for practical applications, we confined the hotspots
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within the range between the super-oscillatory criterion and
the Rayleigh criterion®® to customize the centimeter-scale
planar super-resolution lens with an extremely long working
distance.

In the previous binary SOL-based super-focusing work,
SOLs were optimized by means of the genetic algorithm
(GA)"?*! or binary particle swarm optimization (BPSO) algor-
ithm,'®?* for which complicated approaches were required to
construct super-oscillatory light fields, however with low-
efficiency control. In our previous work, we proposed the
multi-objective and multi-constraint optimization method to
acquire super-focusing light fields with patterns of optical
needle*® or multi-foci.** However, the demonstrated method
needs a large number of initial populations to launch the itera-
tive process and shows a poor convergence. To develop a
highly efficient and controllable iterative procedure, we are
here aiming to substitute the constraints as penalty functions
into GA combined with the vectorial angular spectrum (VAS)
theory. Consequently, the existing multi-objective and multi-
constraint problem is transformed to an unconstrained multi-
objective optimization issue which can easily meet various
design requirements, solving the problems of divergence and
low efficiency.

Restrictions in the design complexity and bulky form for
the traditional diffractive multifocal and achromatic lenses are
inevitable.>*®®* We handle these two optical patterns that can
be arbitrarily achieved through a single SOL. In practice, the
far-field super-resolution multifocal lens and achromatic lens
can find their various opportunities in parallel particle trap-
ping, three-dimensional data storage and full-color high-
resolution imaging. It’s worth mentioning that the achromatic
design of SOL was made possible through creating different
foci of long depths and making them partially overlap to focus
at the same point.”® Nevertheless, it could not be treated as a
direct way to realize the achromatic optical contour, and a
much more controllable design is urgently needed. In
addition, the proposed optimization algorithm can be applied
to exploit an achromatic-customized optical field which mani-
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fests noticeable contradiction to the dispersive rule of tra-
ditional diffractive optical elements (DOEs), namely a longer
wavelength brings about a shorter focal length. Based on our
novel design idea, an achromatic-customized SOL can be
realized at will to develop its promising applications in
compact diffractive spectral imaging systems and portable
spectrometers.

The other key factor that influences the practical appli-
cations of planar SOLs is the fabrication process. To make a
general survey on the fabrication technologies for the reported
SOLs,*?2%738 a5 shown in Fig. 1, most devices were fabricated
by focused ion beam (FIB) milling or electron beam lithogra-
phy (EBL) because of their deep-subwavelength fabrication
capability. Owing to the characteristics of high cost, time con-
sumption, and specific material requirements, these two
common fabrication methods cannot be the first choice to
prepare devices on a large scale. Notably, parallel fabrication
of planar SOLs is becoming the main trend. Recently, a SOL
with a 1.2 pm line width was first proposed'® instead of the
subwavelength-scale feature size. However, the diameter of the
reported device fabricated by deep ultra-violet (DUV) lithogra-
phy was just 600 pm bringing a big difficulty in integrating
with the existing centimeter-scale optical systems. More
recently, direct laser writing (DLW) lithography was employed
to fabricate a 600 pm-diameter SOL,*® in which the whole
device was printed through several square regions and an
apparent misalignment could be found. To better meet the
requirements of low-cost and parallel fabrication for optical
elements, we push the smallest line width of our planar SOLs
to 30 pm and make their diameters reach 12 mm, which is
known to the best of our knowledge as the largest single
planar SOL until now. Therefore, planar SOLs with large sizes
add the compatibility to the current optical components. On
the other hand, the tens of micrometers feature size of the pro-
posed SOLs can be easily fabricated by the normal lithography
process at the wafer level.

Such centimeter-scale, light weight and low-cost lenses
accompanied by flexible customized optical patterns can

Fig. 1 Development of fabrication technologies for SOLs. Note: The cross in red means devices fabricated by FIB milling, the pentacle in green
stands for the devices fabricated via EBL, the triangle in red means the devices are fabricated by DLW and the square in red indicates the devices fab-

ricated by DUV.
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develop their wide applications in interdisciplinary fields
including parallel particle trapping, full-color high-resolution
imaging, and compact spectral imaging systems.

Materials and methods

Flexible focusing pattern realization of sub-diffraction planar
SOLs

When planar SOLs are normally illuminated by the broadband
incident plane wave, the normal optical distribution after the
lens surface is shown in Fig. 2.

To provide a general programming model for controllably
designing SOLs, we restrain the intensity / along two orthog-
onal directions, including the optical axis and transverse axes
in every focal plane. A specific fluctuation range of the side
lobe is set to ensure the light field as required. If the value is
improper, it may be difficult to converge to an optimal solu-
tion. After evaluating the energy distribution between the side
lobe and the central spot, a side lobe factor of 0.3 is chosen in
our design. We employ the GA based on the MATLAB program-
ming language to design binary phase-type (0, ) SOLs that
implement the predefined axial-intensity modulation over a
given region. Hence, a general universal optimization model is
built up as in eqn (1) and (2).

Minimize

Lim = max{max[I(0, fn—; t;; )| max([1(0, fin+; ti; Ax) | }
FWHM
I3y, = I(T oS s A

Subject to
100,20t ) <03, k=1,2,...,K

D¢ D¢ D¢ Dy
zwe(0ofi-=)|U =, -=lu =z
R ALY S
k=1,2,....Kim=1,2..Min=1,2,.... M—1

FWHM FWHM

I(r,fm; ti;ﬂk) <0.3, 2 <r<k
t, €{o0,1}, i=1,2,...,N

(2)

where I stands for the normalized electric-field intensity; f,,,— =
fm — D¢/2 and f,4 = fi, + De/2 with D¢ being the depth of focus;
M is the total number of desired main focal spots; K is the

P, (,0,2) P y(r,0,2) P; (r,0,2)

Fig. 2 Schematic illustration of sub-diffraction-limit focusing by SOLs,
behaving like common diffractive optical elements (DOEs).
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total number of wavelengths concerned; ¢; is the transmittance
value of the 7-th annular ring and N is the total number of
rings contained in the mask. For the binary phase-type annular
mask, the contained concentric rings are initially set to be equi-
distant and each ring can be either 1 or —1 transmittance. The
first objective function min.(Z;,,) means the energy surrounding
each main focal spot along the optical axis should be as small
as possible, which is to ensure that the intensity of the targeted
focal spots is the axial intensity peak; the second objective func-
tion min.(I,,,) represents the ratio of focusing intensity; the
third objective function min.(Z3,,) controls the sizes of hotspots
in the focal planes to be as small as possible, aiming to
decrease the full-width at half-maximum (FWHM).

Here, we assign a weighted coefficient w; to each objective
function I;, so that the problem can be converted to a single-objec-
tive problem with the objective function defined as in eqn (3).

min(l) = min{iwn |:i1nm(r7 ti;fm;/lk):| } (3)

where each weighted coefficient w; is set according to the value
of I;, and k is the serial number of the wavelength. To acceler-
ate the numerical calculation, a fast Hankel transform algor-
ithm is employed taking advantage of its good accuracy, fast
speed, and less storage requirement.*®

In our previous iterative processes,>?* the constrained con-
ditions were directly put into the algorithm to select the
optimal solution with a distinct divergence. Indeed, there is
always a need for a large number of initial individuals to
launch the optimization and the desired results could not be
generated at once. To solve the mentioned issue, the con-
strained conditions are changed as penalty function and put
into the iterative process in which the parameters can be
tuned according to the specific demands on the SOLs.
Obviously, the multi-objective and multi-constraint optimiz-
ation problem can now be transformed to the unconstrained
multi-objective problem, resulting in a highly efficient optimiz-
ation process. Therefore, the whole algorithm is made more
flexible and can be utilized to controllably design SOLs accord-
ing to specific applications. The entire design procedure is
illustrated in Fig. 3. The major steps are as follows: first, to
create random masks as initial populations and calculate
objective functions for different focal lengths and wavelengths
of each mask served as the fitness value; second, to change the
given constrains as penalty functions and add to the objective
functions; third, to iteratively perform the genetic operations
among the population (selection, crossover and mutation) and
reinsert the offspring population to the original parental popu-
lation according to the fitness value of each mask until the ter-
mination criterion is satisfied. In the end, the best structural
mask in the population is achieved. To realize arbitrarily focus-
ing optical patterns designed for the planar SOLs, the super-
resolution multifocal SOL and achromatic SOL are optimized
which can find their wide uses in parallel particle trapping
and high-resolution label-free microscopy instead of the tra-
ditional bulky and complicated DOEs. Furthermore, the achro-
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Fig. 3 The optimization procedure for arbitrarily focusing pattern
design of planar SOLs.

matic-customized SOL based on the proposed flexible algor-
ithm is firstly demonstrated to expand its new applications in
the compact diffractive spectral imaging system. What should
be also mentioned here is that the diameters of the designed
SOLs are all set as large as 12 mm to enhance their compatibil-
ity with the commercialized optical system. Moreover, the
30 pm smallest annular size of the designed SOLs makes it
possible to fabricate the centimeter-scale device through the
normal lithography process. To verify the calculation efficiency
of the proposed algorithm, the GA performance tracking of the
designed three SOLs is illustrated in the ESI.{ It is noteworthy
that the three SOLs can be obtained just through nearly 20 gen-
erations regardless of their large dimensions, and a highly
efficient and convergent iterative process can be developed.
For clarity, three SOLs with various purposes, i.e. for the
multifocal optical field, for the achromatic case and achro-
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Fig. 4 The 4-inch wafer-level fabrication flow of SOLs.
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matic-customized design, are denoted as sample #1, #2, and
#3 in the following discussion, respectively. The detailed
design parameters and the corresponding calculated Rayleigh
diffraction limit for SOLs #1-#3 are given in the ESLf

Parallel fabrication of planar SOLs

The existing fabrication technologies of SOLs are mainly con-
centrated in the FIB milling or EBL method. Benefiting from
the 30 pm smallest groove width, we establish a parallel-fabrica-
tion flow for centimeter-scale planar dielectric SOLs, as shown
in Fig. 4. First, a Si,N,, layer is deposited on a 4-inch pyrex glass
substrate by plasma-enhanced chemical vapor deposition
(PECVD), followed by the normal lithography process. Then,
reactive ion etching (RIE) is progressed to form the desired non-
subwavelength Si,N, ring belts. The lift-off process to evaporate
the chromium (Cr) layer is for defining opening windows to
block the unwanted surrounding light passing through SOLs. As
shown in the ESI,j the measured refractive index of the Si,N,
layer was about 2.25 at the wavelength of 532 nm, and the Si,N,
ring belts were fabricated with 231 nm thickness to achieve a
phase difference of n. Fig. 5 presents a sketching diagram of
wafer-level planar SOLs and the scanning electron microscopy
(SEM) image giving the zoom-in view. To illustrate the macro-
scopic size of the centimeter-scale SOLs with specific focusing
patterns, as shown in Fig. 5, a typical achromatic-customized
SOL is demonstrated together with a coin and the corres-
ponding micrometer-scale feature size can also be observed.
Notably, the fabrication error generated by the basic lithography
can be controlled within +0.5 pm, resulting in the focusing per-
formance of SOLs without significant deviation from the design.

Results and discussion
Multifocal SOL

A sub-diffraction multifocal focusing lens would be valuable in
many applications, most notably parallel particle trapping and
three-dimensional imaging systems.*®*" We consider the
design of a SOL that produces three focal spots with equal
intensity distribution and spacing along the Z axis at 532 nm.
Here, the optimization model to control the multifocal field’s
prescribed parameters is built up as in eqn (4) and (5). The
three focal spots are discretely located at 5990, 6000 and
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Fig. 5 The device images obtained by both optical and electronic microscopes for the fabricated SOLs.
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Fig. 6 Simulated and experimental results of the multifocal SOL at
532 nm. (a) Simulated and (b) experimental light distributions in the X-Z
cross-section; (c) the corresponding axial intensity distribution along the
optical axis for both simulation and experiment; (d) theoretical distri-
butions in the three focal planes located at the longitudinal positions of
5990, 6000, and 6010 pm (marked by regions A-A, B—B, and C-C); (e)
experimental results in the discrete three focal planes located at longi-
tudinal positions of 5990, 6000, and 6010 pm (marked by regions A'-A’,
B'-B’, and C'-C’).

6010 pm away from the output surface of the SOL. For experi-
mental characterization, the transmitted light patterns are col-
lected using a 100x/0.9 Nikon inverted microscope objective
and a suitable high-resolution camera slice by slice with an
axial step of 100 nm (see the ESIt). The computed axial inten-
sity distribution of the multifocal SOL is depicted in Fig. 6a.
Meanwhile, the practically measured axial light intensity distri-

This journal is © The Royal Society of Chemistry 2019

butions are demonstrated in Fig. 6b. As shown in Fig. 6¢, com-
pared with the simulation, the experimental result shows a
slight deviation, which can be attributed to the fabrication
imperfections. The simulated and experimental light intensity
distributions along the focal planes at the locations of 5990,
6000, and 6010 pm (marked by A-A, B-B, C-C and A'-A’, B'-B/,
C'-C/, respectively) are also given (see Fig. 6d and e). The simu-
lated FWHMs for the three discrete focal points are 0.834,
0.704, and 0.834, respectively. In contrast, the experimentally
measured FWHMs are (0.83 + 0.15)4, (0.68 + 0.05)4, and (0.84 +
0.15)4, respectively. The results are the average of three
measurements. As expected, the simulated and experimental
hotspot sizes are all beyond the calculated Rayleigh diffraction
limit 0.864, and a good agreement is achieved. According to
the flexible control over the light field with the optimization
model, more focal spots such as four foci with controllable
axial distribution can be similarly designed along the optical
axis, as reported in our recent work.>*

The designed centimeter-scale ultrathin multifocal SOL can
make its great progress in the miniaturization of optical
systems such as imaging systems, detectors, optical data
storage, laser printing, optical free-space communications etc.

Minimize

M Iy = max{max(1(0, f: M) max{[(0,fy.: M4)]}
M Dy = {max(1(0, fis M_t;) — 1(0, fs M_t;)])°

(4)
(M S Mt;

m=1,2...M

Subject to

M_I(O,Zx;M_ti) <0.3
D D D D
Zy € <0,f1 7%) @] (ﬁ, +*f,f;z+1 *Ef) U (fM+Ef,Z)

2
FWHM FWHM
I(rfm;M4i) <03, ——<r<Kk——
Mt €{0,1}, i=1,2,...N

(5)
where fi, f>...fi» represent the m-th location of the focal length;

fn—=fm — D2, fine = fin + D/2, with D¢ being the depth of focus
and M being the number of the designed focal spots.
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Achromatic SOL

High-resolution full-color imaging applications raise a strict
requirement for the existing optical lenses. The hybrid
refractive-diffractive doublets have been put forward to solve
the dispersive problem of traditional lenses,** while the
bulky form and poor imaging quality can still be the major
challenges. On the other hand, metalenses with subwave-
length feature sizes have been recently exploited to fulfill
the broadband achromaticity through constructing a certain
wavefront profile.”>™** Although successful, these strategies
add fabrication complexity and high cost to optical systems.
Owing to the flexible design and ability of parallel fabrica-
tion, achromatic SOLs can be a priority for future high-
resolution broadband imaging applications. However, the
previous report just made the focal points of different wave-
lengths overlap to achieve a nominal achromatic SOL.>” In
this work, a much more universal optimization model to
construct the achromatic optical pattern is established as in
eqn (6) and (7). Based on the iterative process, a SOL that
can directly focus at three discrete wavelengths can be
achieved. For the long working distance and large size,

-0.8 %l

25=405 nm (Sim) b1

5990 6010 6020 5980

=532 nm (Sim) |2
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especially the high-resolution case, a centimeter-scale achro-
matic SOL can be a good choice for compact and light
weight broadband imaging systems.

Minimize

ALy = max{max[I(0,zy;A-t;; Ax)] max[I(0,zy; At;; Ax)] }

FWHM
ALy =Al (7 ,f;A,ti;gk> (6)
Subject to
AL (0,21;A 5 A%) < 0.3 & AL(0,22;A8; 4) < 0.3
FWHM FWHM
AI(r.f3Ati; ) < 0.3, S STk
D D
7 € o.f—Ef 2z, € f+7f,z> 7)
Atie{0,1}, i=12,...,N
k=1,2,....K

where frepresents the focal length, K is the number of incident
wavelengths and Dy is the depth of focus.

To illustrate the proposed optimization model, we design a
SOL that could simultaneously focus the three primary colors
at the same position, producing intuitively perceived white
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Fig. 7 Planar achromatic SOL. (a) Simulated and (b) experimental focusing patterns in the X—Z cross-section. The vertical dashed white lines indi-
cate the focal planes. (c) Experimentally registered intensity patterns in the transverse focal plane: (cl) for g, (c2) for Ag, (c3) for g and (c4) for the
fused image by RGB wavelengths. (d) The simulated and experimental normalized intensity distributions in the transverse focal plane along the
dashed lines through the focal points: (d1) for g, (d2) for Ag, and (d3) for ig. Images are all captured by a color built-in CCD camera in the

microscope.
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light. As is well known, these three colors can be mixed to
generate a computer display. The computed intensity distri-
butions in the longitudinal cross-section are presented in
Fig. 7a. The corresponding experimental data are shown in
Fig. 7b. The optical contours in the focal planes for R, G and B
wavelengths are screened in Fig. 7el-e3. The corresponding
normalized intensity distributions are also shown in Fig. 7d,
which shows an excellent agreement with each other. The
detailed computed hotspot sizes reach 0.744x at Az = 640 nm,
0.811g at g = 532 nm and 0.7443 at Az = 405 nm. Besides, the
experimental hotspots for the three wavelengths were (0.74 +
0.02)Az, (0.81 * 0.01)ig and (0.74 + 0.02)g, respectively.
Obviously, the computed and measured results are all beyond
the Rayleigh diffraction limit. As expected, we could acquire a
‘white’ sub-diffraction hotspot by fusing the images of the
three selected RGB wavelengths as seen in Fig. 7e4.

Actually, we didn’t consider the material dispersion
induced phase modulation difference at other wavelengths
(>m for short wavelengths, < for longer wavelengths) in the
optimization process. To verify the robustness of the focusing
behaviour on the non-ideal 0/r phase modulation, the opti-
mized phase transmittance has been changed to 0/0.873r and
0/1.5m, and the focusing patterns of the achromatic SOL are

A5=405 nm (Sim)

View Article Online
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shown in the ESI.f We can find out that the two kinds of non-
ideal phase modulation seem to function little on the focusing
behavior of the achromatic SOL, which shows a relatively good
robustness in the dielectric layer. Nonetheless, the suitable
phase modulation matching with the corresponding incident
wavelength should be taken into consideration in the optimiz-
ation to obtain a more precise control over the focal contours
of the achromatic SOL. Additionally, more than three wave-
lengths can be designed in the same way based on the pro-
posed algorithm (see the ESIT), and a continuously broadband
achromatic SOL can be achieved in the near future.

Achromatic-customized SOL

The normal dispersive rule of planar SOLs for red (g =
640 nm), green (g = 532 nm) and blue (45 = 405 nm) light is
illustrated in Fig. 2. Different from the refractive lens, the dis-
persive feature of the diffractive lens produces a shorter focal
length for a longer wavelength. A planar SOL is a kind of DOE
whose dispersive property had been experimentally character-
ized in our latest publication.*® Based on the proposed univer-
sal algorithm, a reverse design of dispersive property is con-
sidered. The detailed optimization model for the purpose can
be realized as in eqn (8) and (9). The targeted working dis-

A5=405 nm (Exp)

6000 6010 6020

5990 6000 6010 6020 6000 6010 6020
Z (pm) Z (um)
1 1 = 1
d1 ——Sim d2 b ——Sim
_ 08 -—Exp | 038 ! “TER) 08
=
g 06 0.6 0.6
z
Z 04 0.4 / 0.4
] /]
= o !
302 J 02f, |02
0 oL Y 0
08 04 0 04 08-08 -04 0 04 08-08
r (um) r (um) r (um)

Fig. 8 Planar achromatic-customized SOL. (a) Simulated and (b) experimental diffraction patterns in the X—Z cross-section. The vertical dashed
white lines indicate the focal planes. (c) Experimentally characterized intensity distributions in the transverse focal planes: (c1) for Ag, (c2) for Ag, and
(c3) for Ag. (d) The simulated and experimental normalized intensity distributions in the transverse focal plane along the dashed lines through the
focal points: (d1) for g, (d2) for ig, and (d3) for Ar. Images are all captured by a color built-in CCD camera in the microscope.
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tances of the achromatic-customized SOL for red (Agx =
640 nm), green (Ag = 532 nm) and blue (4g = 405 nm) lights are
6010, 6000, and 5990 pm, respectively. Indeed, the presented
design seems to be totally customized. Since the DOEs have
played a critical role in the spectral imaging system which can
drastically decrease the volume of the conventional bulky
system, they could be the main trend for the future integration
of optical systems. Additionally, the achromatic-customized
SOL can also be treated as a beam-splitting element in the
spectrometer to replace the traditional counterpart, which has
to rely on long light propagation paths to achieve sufficient dis-
persion, making the whole system bulky and inconvenient for
integration. Note that this is the first novel demonstration of a
planar SOL which may open up a new research point for this
kind of optical element.
Minimize

AC Iy (my = max{max[I(0, zy; AC_t;; Ar)] Max[I(0, 2pm; AC_t;; A )] }

FWHM
AC_IZk<m) =AC_I (T ,fm;AC_t,';ﬂk>
(8)
Subject to
L5(0, Zums tis ) < 0.3 & I (0, 2om; tis ) < 0.3
FWHM FWHM
I(r, fui tis A) < 0.3, <r<k 2
D¢ Dy
Zim € <07fm - ?) 12om € (fm + ?72) (9)
t;€{0,1}, i=1,2,....N
k=1,2,....K
m=1,2....M

where frepresents the focal length, K is the number of incident
wavelengths, f,,,— = f,, — D¢/2 and f,, = f,, + D2 and M is the
location of the discrete focal length.

The computed intensity distributions in the longitudinal
cross-section are presented in Fig. 8a. The corresponding
experimental data are shown in Fig. 8b. The optical contours
in the focal planes for R, G and B wavelengths are screened in
Fig. 8el-e3. The corresponding normalized intensity distri-
butions for the simulated and experimental ones in the focal
planes are also shown in Fig. 8d, which shows a good agree-
ment with each other. The detailed computed hotspot sizes
are 0.77Jr at g = 640 nm, 0.784g at A = 532 nm and 0.774B at
Ag = 405 nm, respectively. Correspondingly, the experimental
hotspots for the three wavelengths are (0.77 + 0.02)4g, (0.78 +
0.06)Ag and (0.80 + 0.05)Ag, respectively. The computed and
measured results are all beyond the Rayleigh diffraction limit
except for the one at 1z, whose causes are still under investi-
gation, mainly from two aspects, i.e. fabrication imperfections
and measurement errors. For the blue wavelength, the detector
built in the customized system seems to show a sensitive
response to the wavelength and the homemade fiberized
coupled laser of 405 nm seems to show a relatively worse stabi-
lity which may lead to the increasing depth of focus at the
wavelength of 405 nm. Additionally, the slight divergence of
the incoming light (the fiber collimator only works well for the
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limited spectral range) may also influence the focusing per-
formance of SOLs. In line with the designs of multifocal and
achromatic SOLs, the number of wavelengths concerned is not
a limitation on employing the proposed optimization method.

The findings can pave the way for a new model to establish
spectral imaging systems and data storage. Besides, the high
freedom of controlling the optical components according to
the customized requirements can increase the performance
and number of functionalities of this kind of light weight
planar optical device.

Conclusions and outlook

We have proposed an unconstrained multi-objective optimiz-
ation of wafer-level planar SOLs in which the initial constraint
conditions were changed to a penalty function, making the
optimization process converge easily. Compared with the pre-
vious algorithm in our recent publications, the newly proposed
algorithm is flexible and can be applied for designing arbitrary
focusing patterns of centimeter-scale planar SOLs efficiently
and quickly. 12 mm diameter planar SOLs with a feature size
of 30 pm were designed to achieve multifocal, achromatic, and
achromatic-customized focusing fields.

To conduct the low-cost and parallel fabrication of planar
optical elements, we put forward a wafer-level fabrication of
planar SOLs in which the normal lithography process has
been utilized instead of the high cost fabrication ways such as
FIB milling and EBL methods. We experimentally demonstrate
the far-field focusing properties of the three designed SOLs.
Encouragingly, the obtained results agree well with the simu-
lations. The developed SOLs create sub-diffraction hotspots by
delicate constructive interference of propagating optical waves
and can be tuned intricately to achieve a desired light field.
Since less ring belts can lead to a coarse regulation of the light
field after the lens surface, an increased number of concentric
rings can contribute to the interference of diffracted beams
and enlarge the degrees of freedom in optimization design,
especially for broadband cases. It's worth noting that most of
the light energy of SOLs is contributed to the large side lobes
around the central sub-diffraction-limit hotspots, and there
needs a tradeoff between the spot size and focusing efficiency.
Similar to the binary phase-type Fresnel zone plate (FZP),
being famous as diffractive lenses, the maximum efficiency
that can be achieved is always limited to around 40% in
theory."”*” As a matter of fact, the low level of throughput
efficiency may be prohibitive for some demanding applications
but may be tolerable for others. For phase-type SOLs, multiple
phase levels instead of the binary phase would be beneficial to
reduce the side lobes and increase the focusing efficiency.
Besides, the low focusing efficiency of SOL could be still appli-
cable for practical applications in the case of high-energy laser
sources and high-sensitivity detectors. Additionally, the pro-
posed design methods can be available for all the wavelengths.

The unprecedented design freedom of planar SOLs will
greatly expand the range of applications of micro-optics and

This journal is © The Royal Society of Chemistry 2019
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integrated optics. We hope that the designed and fabricated
centimeter-scale multifocal SOL, achromatic SOL and achro-
matic-customized SOL can serve as powerful super-resolution
focusing and imaging tools for a wide range of applications in
parallel data storage, high-resolution broadband noninvasive
imaging, low-cost fiberized microscopy, portable Raman spec-
trometers for super-resolution bio-imaging, optical coherence
tomography imaging and micro/nanofabrication.
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