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Abstract: Metalens are planar lenses composed of the subwavelength arrays, which have
unconventional and versatile functionalities to manipulate the light fields compared with the
traditional lens. It is noted that the most metalens are designed in a monochromatic mode in the
visible or mid-infrared range (mid-IR), however, the broadband range is needed in many practical
applications, such as spectroscopy, sensing, and imaging. Here, we design and demonstrate a
broadband achromatic dielectric metalens in the mid-IR range of 4 um — 5 pum for near
diffraction-limited (1.04) focusing. The broadband achromatic propagation and focusing of the
metalens are designed and simulated by constructing and optimizing the phase profile. The
Pancharatnam-Berry (P-B) phases of all the elements contribute to the main phase increment of the
whole phase profile of the metalens. The additional phase is constructed and optimized by using the
random search algorithm to obtain the optimized size of all the elements. The focusing efficiency of
the achromatic metalens is also optimized and averaged as the result of phase optimization within a
wide band for the building elements, while it is lowered comparing with the regular metalens without
broadband achromatic designing. Using this combined designing approach, various flat achromatic
devices with the broadband metalens can find a new way for full-color detection and imaging.
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1. Introduction

The mid-infrared range (mid-IR) band of
electromagnetic radiation is a particularly useful part
of the spectrum [1-4]. It could enable a wide variety
of applications, including thermal imaging,
free-space communication, military navigation, and
[5-10].

conventional optical components for the infrared

biomedical sensing However, the

band with the thick curved-glass lenses are hard to
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make, and the devices in this band are highly
specialized and expensive. The metalens with planar
metasurfaces provide a new perspective on flexibly
shaping the light field by manipulating its phase and
amplitude as well as polarization at will via a
compact and easy-of-nanofabrication system
[11-18]. At present, most of these metlenses are
designed based on Pancharatnam-Berry (P-B)
geometrical phases to adjust the phase profile and

focus light beam at the particular wavelength

© The Author(s) 2022. This article is published with open access at Springerlink.com

DOI: 10.1007/513320-022-0667-4
Article type: Regular



Page 2 of 9

especially in the visible range. Besides that, there
are some proposed metalenses with multispectral,
dual-functional, and off-axis focusing that still
exhibit large chromatic aberration, which is mainly
resulted from the resonant phase dispersion of the
building blocks and the intrinsic dispersion in the
used materials [19-22]. Such chromatic aberration
significantly degrades the performance of full-color
optical applications, such as in communication,
detection, navigation, and imaging. So, researchers
use the structural dimensions for wavelengths
selection [23-25] or add some phase compensation
structures to achieve amplification or attenuation for
some wavelengths, respectively [26-29]. In recent
years, broadband achromatic metalenses have been
intensively studied due to their great practical
applications in industry products [30-32]. Up to now,
there are about two categories of approaches to
realize achromatic metalenses. One approach that is
capable of eliminating the chromatic aberration at
several discrete wavelengths of 1300nm, 1550nm, and
1 800 nm [19], is based on the low-loss dielectric
resonators to introduce a dense spectrum of optical
modes to enable dispersive phase compensation. The
a broadband
achromatic is to employ the integrated-resonant unit

other approach to accomplish
element in metasurfaces with smooth and linear
phase dispersion combining with the geometric
phase [26]. In addition, there is another approach to
accomplish a high-efficiency broadband achromatic
metalens for the near-IR biological imaging window
[33]. The demonstrated metalens is composed of
titanium dioxide nanopillars with record-high aspect
ratios featuring pillar heights of 1.5 pm, which
exhibits dramatically increased group delay range
and broadband achromatism from 650 nm to
1 000 nm. In general, the phase profile of the
wavefront determines the optical propagation in
space. Therefore, to suppress the chromatic effect in
a broad continuous bandwidth, the phase profile of
the metalens
[33-35].

should be designed strategically
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In this
achromatic planar metalens in the mid-IR range with

work, we propose a broadband

a hybrid designing principle, which combines the
P-B geometrical phases and additional phase. Herein,
the P-B geometrical phases from all the elements
rotation angle variation contribute to the main phase
increment of the whole phase profile of the metalens.
The additional phase is constructed and optimized
by varing the length of all the elements. Through the
broadband
achromatic dielectric metalens in the mid-infrared

combined designing method, a
range of 4um — 5 pm for near diffraction-limited
(1.04) focusing is designed and demonstrated. Here,
the integrated resonant elements in the metalens
represent the discrete P-B phase and linear phase
response by simultaneously tailoring the orientation
and the length of the dielectric rectangular resonant
elements. Based on the waveguide theory, the
effective medium theory, and generalized Snell’s law,
the propagation and focusing characteristics of the
proposed planar metalens are simulated and
calculated, which present the good achromatic
performance in the mid-IR range of 4um — 5 pm.
The proposed devices are easily fabricated and
significant for detecting techniques and biomedical

applications in the mid-IR range.

2. Design, results, and discussion

Usually, IR materials such as Si or CaF, possess
a merit of low absorption loss in the designed
frequency [36]. To obtain the higher transmission
efficiency at the mid-IR range, the all-dielectric
resonant metalens of Si brick arrays on the CaF,
substrate is used for our design. The optical
transmission performance of the designed metalens
is investigated and optimized in detail. The finite
difference time-domain (FDTD) method is used to
model the metalens and investigate its transmitting
properties. The schematic diagram of the element
structure is shown in Fig. 1(a), where a Si brick with
the length /, the width w, and the height /4 is attached
on the CaF, substrate. Here, the thickness of the
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layer of the CaF, substrate is set as 0.5 um. The
width of the Si brick is fixed at 400 nm, and the
length varies at the range of 600nm — 2000 nm. Here,
for reducing calculation, we optimize the size of the
nanobricks based on the effective medium theory
while keeping the width of the Si brick is not
changed. The height of the Si brick is 2500 nm,
which is tall enough to cover 2z phase in the
[36].

mid-infrared range Totally, the designed
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arrays with a lattice constant of 2 um. The boundary
conditions in x, y, and z directions are set to the
perfect match layer (PML), wherein the mesh size is
set equally as 120nm. The permittivities of Si and
CaF, are taken from experimental results [37, 38].
The anisotropic feature of the Si brick is used to
tailor the phase response to the incident circularly
polarized light. Here, 6 is the orientation angle
between the long axis of the silica bar and

metalens is composed of a square lattice of Si brick the x-axis.
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Fig. 1 Schematic diagram and phase tuning by the Si brick arrayed planar metalens: (a) a silicon brick on the CaF, substrate,
w =400nm, 4 = 2500nm, and / varies at the range of 600nm — 2000nm (the inset shows the brick orientation), (b) theoretical and
simulation results of the phase response of the brick with different spatial orientations, (c) simulation results of the phase response of
the nano-bricks with different lengths at the wavelengths of 4mm and 5mm, (d) phase profile of the metalens composed of a square
lattice of the Si brick arrays with a lattice constant of s = 2 um, and (e) phase distribution of different wavelengths at the same focus on

lenses planes.

At first, the tailoring effect of a single Si brick
on the phase and amplitude of the incident light with
studied. The two
directions of the independent coordinate axes of the

the circular polarization is

metalens structural unit are » and v, and the angle
between the coordinate axis u and the x-axis of the
reference coordinate system is 6. In the case of the
light the
electromagnetic fields after interaction with the

circularly  polarized incidence,

metalens are expressed as [39]

{ E()J(
E,

where +o represent

_L 1 _ 2jc6 1
}2 ﬁ{oﬁm[ja}m e [_w}}

(1
the right-handed circular
polarization and left-handed circular polarization.
The of the
electromagnetic waves in the two directions of u and

transmittance coefficients
v are t, and ¢,, respectively. It is easy to see that the
scattered electromagnetic wave contains an origin
polarized component and a component opposite to
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the original polarization which carries 206

additional geometric phase. Importantly, this
additional geometric phase is a key factor to realize
the controllable wavefront reconstruction by the
metalens. So, for o = 1, when one rotates the Si
nano-brick with discrete angels, it will bring the 26
phase addition to the scattered field. In our design, a
hybrid phase modulating method is used to construct
the whole phase for the dielectric metalens. As
shown in Fig. 1(b), a supercell with the seven Si
bricks array covers 2z phase variation when the
nano-brick presents a continuous rotation angle of
7/6. The P-B geometrical phases of all the bricks
contribute to the main phase increment of the whole
phase profile of the metalens. In Fig. 1(c), the 27
phase response at the wavelengths of 4 mm and
5Smm versus the length of nano-bricks shows the
dispersion values of the length of the nano-brick,
where the brick sizes are w = 400nm, 2 = 2 500nm,
and / varies in the range of 600nm — 2000 nm.
Based on the phase constructing principle, the
key process for achieving light focus by the planar
metalens is to construct the desired phase plane. The
distribution of phase increment at different positions
for circular polarized incidences on the metalens is

as following [40]:
2
P(x,, ;) =7(f—\/x? +y + )+ (2)

where A. is the central light wavelength, f is the
focal length, n is an integer, and (x;, y;) represents
the position on the plane of the lens. The design of a
broadband achromatic metalens is to determine the
phase profile required for the sub-diffraction
focusing for different wavelengths. So, it is
necessary to construct the phase profile as shown in
Fig. 1(d) for different wavelengths. Accordingly, the
phase profile for a broadband metalens at the
arbitrary wavelength of A€ {Anin, Amax} should be
designed to a parabolic profile, as shown in Fig. 1(e).
Generally, in the case of the working wavelength
range of A€ {Amin, Amax} and A being the
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boundaries of the interested wavelength, the phase
in (2) can be rewritten as
(oﬁ(xiaynﬂ) = @)max (xlﬂy[’ﬂ’ﬂmax) AP, o (x[,y,,/i) .
3)
In the above formula, the first term on the right
side of the equation is a fixed value as the reference
wavelength and focal length are determined, which
can be achieved by the P-B phase of the bricks in the
metalens. The second is a wavelength-related term,
which is determined by optimizing the size of the
bricks based on the effective medium theory.
Through the above phase construction processes, the
final optimized metalens structures with a total
phase corrections can be summed by the phase
difference between the ideal phase and the real

phase at each point (x;, y;), which is represented as

Awtmal = ZA¢(1) =
ZZ¢I(xi’yi’ﬂ’n)_¢R(xi’yi’ﬂ’n)

i

“4)

where the subscript i indicates a position (x;, ;)
along the radius of the metalens, and A, is the
wavelength range from 4 pum to 5Sum. To obtain the
optimal phase structure of the broadband achromatic
metalens, the minimum value of the total phase
corrections and the corresponding phase at each
point need to be calculated. Because of the large
data scale during the calculation, the random search
algorithm with a strong searching ability is adopted
in our simulation to analyze the x-axis phase
response of the metalens with the designed focal
length of 100 um and the diameter of 100 um. In
Fig. 2(a), the phase profiles at the positive x-axis
side for several typical wavelengths are calculated
through (2). In order to allow the metalens to work
in a broadband frequency, the linear phase increases
caused by optimizing the length of each brick to
support the additional phase for the whole metalens.
So, by using the hybrid phase modulating tactics for
the metalens, the local response caused by changing
the size of the brick and the non-local response
caused by changing the position of the bricks
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determines its transmission properties finally. The
optimized phase two represented
wavelengths and the reference wavelength of 5um
are shown in Figs.2(b) — 2(d). Because the phase
profile is optimized based on the reference
wavelength of 5 um, the phase difference between
the ideal phase and the real phase at 5 um is minimal.
Compared to the ideal phase profile, the real
optimized phase profiles are more meticulous, which
can be fit to focus the light at a much broader band.
Thus, the size and orientation for each Si brick along
the radial direction are determined according to the
phase requirement at each coordinate 7. To

profile at
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compensate the broadband dispersion, the minimum
total phase corrections of (4) should be satisfied for
each Si brick with the desired phase. In detail, the
minimum phase should be obtained by calculating
the phases for the bricks’ length changes from
0.6 um to 2um with an increment of 300nm, where
the wavelength increment is 0.2 um. Then, the
bricks’ size at each coordinate » with the required
phases can be determined. In general, the maximum
conversion efficiency can be reached at a resonant
wavelength. So, in a broadband range, the whole
conversion efficiency of the metalens could be

averaged and lowered.

A —- g

Phase (deg)

400 4 5.0 um

Phase (deg)

0 10 20 30 40 50 60
x (um)
(d)

Fig.2 Phase optimization: (a) theoretical ideal phase profile for some represented wavelengths at the positive x-axis of the lenses
plane, and (b)—(d) ideal phase and real optimized phase at two represented wavelengths and the reference wavelength of 5 um.

Now that the whole phase profile and dispersion
are established, the nanostructures designing should
be considered to simultaneously satisfy the required
phase and group delay dispersion at each coordinate
r in the metalens for all incidences. To compare, the
regular metalens composed of Si bricks with the

same size is first constructed in Fig.3(a). Then, the
achromatic metalens with the desired phase profile
is constructed by using an FDTD script method. To
arrange the Si bricks on the CaF, substrate, the size
and orientation for each Si brick at a certain

coordinate » are based on the calculation results. By
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changing the length of the bricks with the fixed
width of 400nm and the thickness of 2500nm, the
optimized metalens with the desired phase profile is
constructed. As shown in Fig.3(b), the elements are
arranged into a circular shape with a fixed radius,
which is corresponded to the circle radius of the
projection of the phase profile to the substrate. After
the arrangement circle by circle, the whole metalens
is constructed finally with a diameter of 100 um on
the CaF, substrate. In Fig.3(c), the enlarged image
shows the clear arrangements of the elements. Each
element supports a particular light scattering and
controls the phase of the scattered light field by its
orientation and geometrical shape.

10 um 10 um

10 um

Fig.3 Schematic diagram of the metalens with the Si bricks:
(a) regular metalens composed of the Si bricks with the same
size of w = 400 nm, [ = 1600 nm, and 2 = 2 500 nm,
(b) achromatic metalens with the Si bricks arranged with the
desired phase profile, where the width is 400 nm and the
thickness is 2 500 nm, and the length varies at the range of
600 nm — 2000 nm, and (c) enlarged area notifies the clear
arrangements of the elements in (b).

For the practical applications of focusing devices
with the
operational bandwidth should be investigated and
broadband

characteristics of our metalens, the performance of

broadband achromatic property, the

analyzed. @ To  investigate the
achromatic focusing is simulated for the design at
the incident wavelength range of 4 um — 5 pm.
Together, the broadband focusing performance of
the regular metalens is chosen to compare. The
numerical aperture (NA) variation of two kinds of
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designed metalens with a diameter of 100 um for
different wavelengths is illustrated in Fig. 4(a). In
addition, we have also simulated a metalens with a
diameter of 80 um and a focal length of 20 pm,
where the full-width at half-maximum (FWHM)
value is 4.5 um. So, the NA value of the metalens is
about 0.89. Then, we get the theoretical resolution
limit of 2.74 um for the lens, which is about 1.6
times of the diffraction limit. Therefore, it is
difficult to increase the NA value as the diameter
increases, while the focal length and phase profile of
the metalens are fixed. The focal length for normal
incidences at the wavelength range of 4um — 5Sum
for the regular metalens and achromatic metalens is
depicted in Fig. 4(b). The simulated intensity
distributions in the linear scale of the focal profile at
different wavelengths in the case without and with
the phase optimization are shown in Figs.4(c) and
4(d), respectively. It is observed that the focal planes
of the achromatic metalens with the phase
optimization are almost located at a small range of
105 um to 116 um, which is very near to the
designed focal length of 100 um. Together, the
intensity distribution of the focal profile varies little.
In contrast, for the regular metalens without the
phase optimization, the focal planes shift
dramatically from 100 pm to 125 pm and the
intensity distribution of the focal profile varies
clearly. We ascribe this focusing performance
difference to the hybrid phase modulating for the
metalens. At the same time, the resonant dispersion
between nanoblocks with different sizes also plays a
role in achieving a broadband achromatic metalens
[41, 42]. Figure 4(e) shows the simulated intensity
profiles along the white dashed lines in Figs. 4(c)
and 4(d) at different wavelengths, which is also
demonstrated to visualize the effect of chromatic
aberration of the two kinds of metalens. Through the
calculation, it can be found that the FWHM of the
focus spot reaches the smallest value of 1.04. Here,

since the benchmark phase profile and dispersion



Ye YUAN et al.: A Broadband Achromatic Dielectric Planar Metalens in Mid-IR Range

optimization are chosen at the wavelength of 5pum,
the focusing efficiency at Sum is the highest, and it
slightly decreases from 5um to 4um. We attribute
of our

the superior broadband characteristics
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metalens in the range of 4 um — 5um to the fact that
the phase control relies on not only the orientations
of the bricks but also the elements length tuning at
different incident wavelengths.

(d) Achromatic lens

60 8 40 60 80 (e) Focus profile

(=}
[\o]
(=]

|
i

-R
-A

U

160 =30 0 30
x (1m)

80 160 0 80
z axis (Lm)

Fig.4 Focusing performance of the regular metalens and the achromatic metalens: (a) numerical aperture variation of the designed
metalens for different wavelengths, (b) focal length for normal incidences at the wavelength range of 4 um — 5 um; simulated results of
the intensity distribution in the linear scale of the focal profile at different wavelengths in the case of without (c) and with the phase
optimization (d); (e) simulated intensity profiles along the white dashed lines in Figs. 4(c) and 4(d) at different wavelengths to
visualize the effect of chromatic aberration of the regular metalens and achromatic metalens.

To compare the focusing performance of the
metalens, the focusing efficiencies of the regular
metalens and achromatic metalens are calculated at
different wavelengths in the mid-infrared range. The
focusing efficiency is calculated with the ratio of the
intensity integral of the FWHM and the whole
intensity profile at the focal plane as shown in the
inset of Fig.5. As shown in Fig. 5, the focusing
efficiency of the regular metalens reaches a highest
value of 72% at 5 pym. However, the focusing
efficiency drops gradually when the wavelength
varies from 5 pm to 4 um. For the achromatic
metalens, the highest efficiency is up to 62%, while
the average efficiency is about 51.6% over the
whole working bandwidth. Mostly, this focusing
efficiency average process of the achromatic
metalens is the result of the phase optimization of
the building elements. The phase optimization in a

broad band range from 4 um to 5pm causes more
energy to be reflected and absorbed, so the overall
focusing efficiency of metalens is averaged and
lower than that of the regular metalens at some
particular wavelengths.
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Fig. 5 Focusing efficiency of the regular metalens and
achromatic metalens under different wavelengths in the
mid-infrared range. The inset is the focusing efficiency
schematic diagram.
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3. Conclusions

In conclusion, we have proposed and
demonstrated a novel metalens that are capable of a
broadband chromatic focusing in the mid-IR range.
These metalenses utilize the arrangement orientation
and length variation of the bricks to form an
accurate phase profile for correcting chromatic
aberration. The demonstrated results show that these
metalenses render a good achromatic performance in
the mid-IR range of 4 um — 5 pum. Our presented
metalens that can be used for broadband achromatic
focusing in the mid-IR band, which has high
potential applications of ultra-compact imaging,
spectroscopy, and detection in the infrared range.
Moreover, our design scheme is an effective and
robust way for the phase encoding and wavefront
modulating in the metalens design and fabrication.
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