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Abstract: Longitudinal optical field modulation is of crit-
ical importance in a wide range of applications, including
optical imaging, spectroscopy, and optical manipulation.
However, it remains a considerable challenge to realize a
uniformly distributed light field with extended depth-of-
focus. Here, a high-efficiency extended depth-of-focus
metalens is proposed by adjoint-based topology-shape
optimization approach, wherein the theoretical electric
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field intensity corresponding to a variable focal-length
phase is utilized as the figure of merit. Using a dozen of
metalens with random structure parameters as initial
structures, the average focal depth of topology-shape
optimized metalens is greatly improved up to 18.80 pm
(about 29.7A), which is 1.54 times higher than the
diffraction-limited focal depth. Moreover, all the topology-
shape optimized metalens exhibit high diffraction effi-
ciency exceeding 0.7 over the whole focal depth range,
which is approximately three times greater than that of the
forward design. Our results offer a new insight into the
design of extended depth-of-focus metalens and may find
potential applications in imaging, holography, and optical
fabrication.

Keywords: extended depth-of-focus; metalens; topology
optimization.

1 Introduction

Over the past decades, the longitudinal optical field has
attracted considerable attentions due to its extraordinary
capability for optical manipulation. For example, using the
focusing of radially polarized light to enhance the longi-
tudinal field component can yield longitudinally polarized
light needles [1, 2], which have potential applications in
particle acceleration [3, 4] and particle capture [5]. Strongly
focused longitudinal electric fields can also be obtained
by the plasmonic lens combined with metallic tips [6, 7],
which makes a significant contribution to tip-enhanced
Raman spectroscopy [8] and near-field microscopy [9].
In addition, supercritical lens [10, 11] and multilevel dif-
fractive lens [12, 13] are alternative approaches to increase
the depth of focus, as well as reduce the cost and
complexity of imaging systems.

Recently, subwavelength metasurfaces has garnered
much interest due to its incredible capability to arbitrarily
manipulate the amplitude, phase, and/or polarization of
incident light [14-16], leading to promising applications in
metalens [17-22], meta-antennas [23], holography [24-26],
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etc. In comparison with traditional approaches, metalens
is an excellent candidate to manipulate longitudinal opti-
cal field with extended depth-of-focus (DOF), which could
be designed by using geometric phase metasurfaces [27] or
varying the polarization of the incident light [28]. However,
most of the previous works focused mainly on the modu-
lation of the longitudinal field while suffering from the low
efficiency, thus impeding their practical applications. Itis a
great challenge to design an extended DOF metalens with
high efficiency over the entire DOF range.

From the perspective of design of metasurfaces,
traditional methods are based on forward design through
experience or parameters scanning to achieve the desired
design goal. In contrast, topology optimization is an
inverse design approach that utilizes the reciprocity of
Green’s functions to perform electromagnetic adjoint
simulation, leading to the high computation-efficiency
of optimization process [29-32]. Recently, topology opti-
mization has been widely used to design metasurfaces
for various applications, including large-angle metagrat-
ing [33], high-efficiency deflection metasurface [34], and
disordered metasurface [35]. However, the finally opti-
mized topological shapes of such freeform metasurfaces
are not controllable, resulting in an inevitable difficulty
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for practical fabrication [36]. By contrast, topology-shape
optimization only modifies the boundary position of unit
structure while keeping the topology shape unchanged
during the optimization process, which is more compat-
ible with practical fabrication [37]. Recently, a broadband
metasurface with an extended DOF has been demon-
strated [38]. However, its efficiency is slightly reduced
compared to that of conventional metalens.

Here, we inversely design a high-efficiency extended
DOF metalens via topology-shape optimization approach,
as shown in Figure 1a. Specifically, a variable focal-length
phase [39, 40] is adopted as the theoretical phase distri-
bution, and the figure of merit (FoM) is defined as the
electric field intensity corresponding to the theoretical
phase. Based on the initial random configuration, we
inversely optimized 10 different sets of structures, all of
which exhibit extended DOF with high focusing efficiency.
As a result, the optimized metalens has a DOF of 18.80 pm
on average (about 29.7A), which is 1.54 times higher than
the diffraction-limited focal depth (about 19.29A). In addi-
tion, the average focusing efficiency of the metalens is
optimized to 72.57%, which is more than 30 times higher
than that of initial random structure. Moreover, the
topology-optimized metalens has a high resolution of

Figure 1: High-efficiency extended DOF
metalens.

(@) Schematic diagram of the metalens. (b)
Focused optical path of the metalens with a
variable focal-length phase. (c) Unit structure
of metalens.
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1.75 pm, which is basically below the diffraction limit. Our
results provide a useful methodology for ultra-long focal
depth lens design and the proposed high-efficiency
extended DOF metalens may find potential applications
in optical imaging, holography, and lithography.

2 Principle of topology-shape
optimization

2.1 Variable focal-length phase

To obtain an extended DOF while maintaining high
efficiency, a variable focal-length phase is adopted as
the theoretical phase distribution. As shown in Figure 1b,
this phase mimics a unique optical element, the so-called
axicon, which could overcome the constraints between
extended DOF and high resolution to generate an almost
nondiffracting beam. Since axicon can only converge very
low energy into the focused beam, this phase also exhibits
the high focusing feature of spherical phase to improve the
focusing efficiency. Under the paraxial approximation
condition, the focusing spherical phase of an ordinary lens
is given by ref. [39].

Ar? (1)
f

where ris the radial coordinate (0 < r < R and R is the radius
of the lens) and f is the focal length (see S1, Supporting
Information for details). When the light rays converge
away from the lens surface, the focal length f can be written
as [39].

pn=210

N

fn=fo+ar, @

where f, is the starting position of the focus depth of the
lens. a and b are the constant parameters that determines
the distribution of rays.

To obtain a uniform DOF, the intensity distribution
parameters are determined as b = 2, leading to a = DOF/R?
(see S1, Supporting Information for details). Here, the DOF
is defined as the position where the electric field intensity
along the z-axis is greater than 80% of the maximum.
Therefore, the theoretical phase of target metalens with a
variable focal-length is expressed as

m r
Pigea (1) = 1 fo+D—%'r2' 3

In the simulations of topology-shape optimization, the
initial focal length is set to 30 ym and the DOF is 20 pm,
which means that the focal point is located at 40 pm. The
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radius R is set to 10 um, corresponding to a maximum
NA = 0.33 at the wavelength A = 632.8 nm in the
TM-polarization. As the computational time increases
significantly with the increment of metalens size, a mod-
erate radius of 10 pm is chosen based on the consideration
of the balance between the computation efficiency and the
metalens size. As shown in Figure 1c, the substrate material
is Si0, and the unit structure is composed of TiO, nanorods
with varying dimensions (100-400 nm). Moreover, the
height and the lattice period are 600 nm and 500 nm,
respectively.

2.2 Topology-shape optimization
In the topology-shape optimization, the FoM is defined

as the electric field intensity of the theoretical variable
focal-length lens as mentioned above:

FOM = |’ = |Eo - eXP (ip;geq))
2
7T r?
=|Ey - exp<l/1.ﬂ)+DR$-r2> > (4)

where E, is the amplitude of the electric field.
The adjoint source specified by the FoM during the
adjoint simulation is governed by

B = 600) B Gxy B, )
oE

where G(x,x’) is the Green’s function in the sense that

the electric dipole at x’ excites the electric field at point x,

and * denotes the complex conjugation. Using the above

adjoint source, the boundary variation of the metalens

could be determined in every iteration of topology-shape

optimization (See S2, Supporting Information for details).

3 Results and discussion

The topology-shape optimization of high-efficiency
extended DOF metalens is demonstrated based on 10
initial random structures. Figure 2 presents the optimiza-
tion process and result for one of typical structures. As
shown in Figure 2a, after 100 iterations of topology-shape
optimization, the FoM raises from 0.11 to 0.21 while the
maximum electric field intensity at the theoretical focal
point increases from 0.60 to 38.11. Note that the un-
dulations of FoM curve are caused by using a marginally
larger step size, which can increase the search space
without failing to find the optimal solution and getting
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Figure 2: Topology optimization process of high-efficiency extended DOF metalens.
(a) FoM and maximum intensity evolution for theoretical focus. The insets show the central 5 um x 5 pm geometric layout of the random initial
(0th iteration) and optimized structures (100th iteration). (b and c) Efficiency evolution for theoretical focus and actual focus.

trapped in a local optimum. In fact, each iteration always
moves towards the gradient direction and tunes back in
time when it deviates from the optimal path due to the
slightly larger step size. Particularly, the geometric shape
of unit structure keeps unchanged during the optimization
process, while the corresponding dimension is updated to
meet the improvement of FoM. Especially, the lattice cen-
ters of unit structure exhibit a slight movement, as shown
in the insets of Figure 2a.

Figure 2b presents the improvement of absolute and
relative efficiency at the theoretical focal points (i.e., the
point at 40 um away from the metalens). Here, the absolute
efficiency is defined as the energy ratio of three times of the
theoretical full width at half-maxima (FWHM) to the total
incident energy, and the relative efficiency is defined as
three times of the theoretical FWHM compared to the total
power on the theoretical focal plane. In particular, the
absolute efficiency increases from 6.43 to 48.29% (about
7.51 times), and the relative efficiency rises from 10.76 to
67.65% (about 6.28 times). Moreover, as shown in
Figure 2c, the absolute efficiency of the actual focus has
been improved from 1.41 to 51.46% (about 36.50 times),
and the diffraction efficiency increased from 2.35 to 72.09%
(about 30.68 times). It is worth noting that the definition of
efficiency is almost the same as that of the theoretical

focus, with exception that the theoretical FWHM is
replaced by the FWHM of the actual focal plane.

Then we analyze the optical field distribution over the
DOF range. As shown in Figure 3a and b, the optical field
focuses effectively in the xoy plane at three different loca-
tions (minimum, focal point, and maximum) along the DOF
direction. Obviously, the maximum intensity appears at
the focal point. The corresponding FWHMs are 1.68 pm,
1.72 pm, and 1.80 pm, respectively. As presented in
Figure 3c, the mean value of diffraction efficiency in the
DOF range is 72.76% and the mean value of absolute effi-
ciency is 52.04%, demonstrating the high efficiency over
the entire DOF range. Moreover, as shown in Figure 3d, the
mean value of FWHW in DOF is vastly improved to 1.76 pm,
leading to a high resolution below the diffraction limit.

To verify the change of optical field caused by
topology-shape optimization, we further investigate the
optical field distribution at the theoretical focal point
(i.e., z = 40 pm) and the actual focal point. As shown in
Figure 4a and b, the optimized DOF extends from the initial
1.39-18.81 pm, which is close to theoretical designed value
of 20 pm. Particularly, the topology-shape optimization
improves the DOF at the theoretical maximum NA by a
factor of 1.51, where the diffraction-limited DOF is defined
as A/NA¥41].
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Figure 3: Optical field distribution over DOF range.

(a) Electric field distribution in xoy plane at different locations in DOF (minimum, focal point, and maximum). (b) Normalized intensity
distribution along the x-direction in DOF (minimum, focal point, and maximum). (c) Efficiency variation during DOF. (d) Diffraction limit and
FWHM variations during DOF. The gray areas in (c) and (d) indicate the range of DOF.

Figure 4c—f show that both the theoretical and actual
focal points have been optimized from the dispersive spot
to a focused state. In contrast to the spatially inhomoge-
neous distribution of the initial optical field, the opti-
mized focal area exhibits a significantly symmetrical
intensity distribution both along the x and y directions.
Specifically, the FWHMs in the x-direction and y-direction
at the theoretical focal point are 1.76 pm (2.78\) and
1.80 pm (2.84MA), respectively. For the actual focal point,
the corresponding FWHMs both in the x-direction and
y-direction are 1.72 pum (2.72\). Meanwhile, the actual
focus is located at 51.78 pm, which has a particular offset
compared to the theoretical location at 40 pm. On the one
hand, such deviation results from the local optimization
feature of topology-shape optimization, which is con-
strained by the limited iteration number and optimization
parameter space. On the other hand, due to diffraction
limitation, a smaller NA is more likely to realize extended
DOF. Therefore, the focal point is automatically optimized
toward the direction of decreasing NA. Note that offset of
focal plane during topology-shape optimization process
could be explained by the unequal interference effects
along the z-axis [39]. Moreover, a possible solution to
fix the focal length is to consider an additional limitation

on the focal length position during the optimization
process and then to perform a multi-objective topology
optimization.

Finally, to demonstrate the generality of topology-
shape optimization approach for the design of high-
efficiency extended DOF metalens, the optimized results
for 10 different sets of initial random structures are further
investigated. As shown in Figure 5a, in comparison with
the initial random structures, the average diffraction effi-
ciency of optimized metalens is improved from 3.19% to
72.57% (about 22.75 times), indicating the validity of
topology-shape optimization approach. Moreover, the
optimized results show that the average DOF is optimized
to 18.80 pm (about 29.7A), corresponding to 1.54 times of
the diffraction-limited focal length, with the FWHM being
1.75 pm below diffraction limit (See S4, Supporting Infor-
mation for details). Furthermore, we also forwardly design
the metalens based on the theoretical phase distribution
(see S3, Supporting Information for details). Compared to
the forward design efficiency of 25.37%, the efficiency of
the topology-shape optimized metalens has nearly three
times improvement, indicating the superiority of topology-
shape optimization for high-efficiency extended DOF
metalens design. Actually, a random configuration of
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Figure 4: Intensity distributions for the initial random (left columns) and topology-shape optimized (right columns) structures.
(aandb) intensity distributions along the z-direction. The orange and red dashed lines indicate the positions of the theoretical and actual focal
points, respectively. The white dashed line indicates the cross-section of normalized intensity. (c—f) intensity distributions at the actual and

theoretical focal point.

initial structure allows the topology optimization to break
the local limitation of design phase spaces, which is more
likely to achieve better results compared with a prede-
signed structure [42].

In addition, Figure 5b shows the spatial spectrum in
the near field of the initial random metalens, the forward-
designed metalens, and the topology-shape optimized
metalens. The spatial spectrum is obtained from the
Fourier transform of the xoy plane field distribution at 0.11
(i.e., 60 nm) from the emission plane of the metalens. In
contrast with initial random structure exhibiting scattered
irregular distribution in the Fourier space, the near field
modes for both topology-shape optimized metalens and

forward-designed metalens are more ordered and compact,
especially for the low-order modes. Meanwhile, the pro-
portion of higher-order modes (i.e., evanescent wave in the
range of k2 + k§ > k3 ) for the two designed metalens have

almost the same density, i.e., 61.29% for topology-shape
optimization and 61.64% for forward design. Particularly,
the topology-shape optimized metalens has fewer higher-
order modes compared to that of forward-designed met-
alens. It means that less energy will be lost in the near field,
which allows that most of the energy to reach the focus
point smoothly and explains why the topology-shape
optimization approach enables a higher efficiency and a
more extended DOF.
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Figure 5: Optimized results for different initial random structures.

(a) Diffraction efficiency comparison for initial random metalens, topology-shape optimized metalens, and forward-designed metalens. The
insets show the structure of three typical optimized metalens at a 5 ym x 5 pm region. (b) Fourier transform of the electric field in the near-field
(0.1 from the structure) of xoy plane. From left to right are initial random metalens, forward-designed metalens, and topology-shape
optimized metalens. The white dashed line corresponds to k7 + k. = kg.

4 Conclusions

In summary, we proposed a high-efficiency metalens with
extended DOF by using topology-shape optimization.
In fact, by using the variable focal length phase as the
optimization target, the DOF can be adjusted and designed
arbitrarily according to different scenes. During the
topology-shape optimization process, the offset of lattice
center of each unit structure allows for a more accurate
structure design and a higher efficiency. Meanwhile,
topology-shape optimization approach does not modify
the geometric shape of cell structures, offering a significant
advantage compared to topology optimization. In addition,
it is revealed that the smaller evanescent waves could
facilitate the formation of the high-efficiency extended
DOF metalens.

We have compared our work with other design
methods for extended DOF metalens [11, 38, 43]. It is
obviously seen that the superiority of the inverse design to
achieve the extended DOF, where the DOF is much longer
compared to the forward ones. More importantly, in
comparison with other inverse design approaches, the

topology-shape optimization enables a significant
improvement of efficiency (see S5, Supporting Informa-
tion for details). Moreover, the designed metalens could
be fabricated with atomic layer deposition and electron
beam lithography technique (see S6, Supporting Infor-
mation for details).

As an inverse design method, topology optimization
could break the shackles of conventional forward design
paradigm where the meta-device performance is greatly
depending on the researchers’ inherent experience and
imagination. And compared with data-driven deep
learning approach that has been recently demonstrated
[44], topology optimization does not require a large
number of training sets to achieve the construction of the
structure, offering higher computation efficiency. In fact,
the combination of topology optimization and deep
learning approach is an exciting solution for the inverse
design of large-scale meta-devices [45]. Furthermore, the
topology-shape optimization approach can be extended
to various applications of nanophotonics, opening a
new avenue to the inverse design of exotic optical
functionalities.
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