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Broadband achromatic polarization insensitive metalens
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1. Introduction

Traditional bulky and heavy optical lenses are gradually difficult
to keep pace with the requirements of the rapid development of
minjaturized and integrated optical components/systems.
However, considering the strong and unique capability of locally
manipulating the amplitude, phase, and polarization to shape
the wavefront of light with subwavelength resolution, planar
metalenses consisting of plasmonic or dielectric nano-scatterers
may play a critical role!'®. In the past decade, although the
reflective metalens had been studied'”™), the metal loss intro-
duced by using a metal film as the reflective surface resulted
in low light energy utilization. Later, the principle of surface
plasmon resonance (SPR)!10713] yas used to design transmis-
sive metalenses!">~'®!. This method increases the surface electric
field strength, but the absorption loss of metal is still unavoid-
able. Therefore, in recent years, most metalenses were designed
by all-dielectric materials'’’~'?!, which avoid the loss, and the
transmissive metalenses account for the vast majority of metal-
ens practical applications'?°~**!, Despite this, the exploration of
metalenses with excellent comprehensive performance, such as
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Metalenses are expected to play an increasingly important role in miniaturized and integrated optical imaging components/
systems. However, devising broadband achromatic metalenses with high focusing efficiencies is still quite challenging. In
this work, we proposed an aperture-shared partition phase cooperative manipulation approach for designing a high-
efficiency broadband achromatic metalens composed of two concentric sub-metalenses. As a proof-of-concept, an ach-
romatic polarization-independent metalens is successfully designed for the visible and near-infrared range from
450 nm to 1400 nm with the focusing efficiency over 70% for the wavelength range of 600 nm to 1400 nm. The approach
reported here provides a possibility for designing a high-performance metalens, which has great potential applications in
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the combination of chromatic aberration, broadband, and high
focusing efficiency, is still far from being satisfactory.

For the transmissive metalens working at a specific wave-
length regardless of the bandwidth, its efficiency can be opti-
mized by designing the proper geometry and dimension of
meta-atoms based on the materials with low enough absorptivity
to reasonably impart the target phase. A good case in point is the
amorphous silicon metalens designed for an operating wave-
length of 1550 nm with a high measured focusing efficiency
of up to 82%!**!. However, for a broadband metalens, the chro-
matic aberration induced by the intrinsic dispersion of the meta-
atom material would give rise to different phase manipulations
for different wavelengths and thus results in the change of its
focus length (FL) against the working wavelength, which is
unfavorable for its applications. Therefore, the simultaneous
achievement of both high efficiency and broad bandwidth for
a metalens should carefully consider both phase manipulation
for a given wavelength and phase error correction for the other
wavelengths. In reality, it is quite challenging for phase manipu-
lation to build the meta-atoms with proper structures and
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configurations to realize broadband achromatic metalenses with
high efficiencies. Recently, broadband achromatic metalenses
were reported to be realized in the visible?*****~"] infra-
red®®=*!, or spanning the visible and near-infrared*"*?! suc-
cessfully. However, both their efficiencies and bandwidths
need to be enhanced, such as the only efficiency of 40% for a
bandwidth of 260 nm from 400 to 660 nm™*! and maximum
efficiency of 50% for a bandwidth of 450 nm from 1200 to
1650 nm"*!. Only more recently, a higher and broader band-
width was achieved with an average efficiency of over 70% for
a bandwidth of 550 nm from 650 to 1200 nm®*"J,

Here, we proposed an aperture-shared partition phase co-
operative manipulation (APPCM) approach to design broad-
band achromatic metalenses with high focusing efficiency and
a narrow range of FL change. The metalens is designed into
two concentric sub-metalenses with inner circular and outer
ring regions for different FLs, respectively. Both the phase pro-
files are combined to form a wavefront of the target metalens.
The achromatic polarization-independent Si;N, dielectric met-
alens with a diameter of D = 46 pm and a numerical aperture of
NA = 0.107 is designed for the operation wavelengths spanning
the visible and near-infrared. A bandwidth as broad as 950 nm
(4 =450-1400 nm) with near-constant FLs is realized with the
focusing efficiencies over 70% for 4 = 600-1400 nm.

2. Methods

2.1. Modified method for broadband achromatic metalens
design

The phase profile of a metalens can be derived from Fermat’s
theorem™, given as the following:

ookn=-2 (4 -5) 0

where A is the wavelength of the incident light, R(R=

V/x* + y?) is the distance from an arbitrary position (x, y) on
the metalens to the center (assuming the metalens is located
in the plane of z=0), and f is the FL of the metalens. It is
obvious that f is a function of wavelength 4, which is an inherent
property of the equation. However, for a broadband achromatic
metalens, the FL is required to keep constant within the band-
width of [Ain, Amax]- Substituting 4., and A, into Eq. (1), we
get a general condition of the phase profile of a broadband ach-
romatic metalens:
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According to Egs. (2) and (3), the phase profiles at an arbi-
trary operation wavelength of 1 can be determined for the
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predetermined FL and maximum/minimum wavelength
Amin/Amax> Which is linearly dependent on the wavenumber
1/4 with the slope determined by the phase profiles at the maxi-
mum and minimum wavelengths. When designing a meta-atom
to manipulate the required phase at a given position R, the slope
y can be expressed using the phase imparted on the meta-atom,
@(4,S,E) at Ain/Amax> Where 4 is the wavelength of the incident
light, S and E are structure parameter and boundary condition of
the meta-atom:

(p(j'max’&E) - (p(’lmin’S’E) — (p()“max’R’f) B (p(’lmin’R’f)

1 1 V= 1 1

lmax /Imin A’max j'min
(4)
Then, the phase at other wavelengths becomes
(p(/lm X’S’E) - Qo(/lmims’E) 1 1
(ﬂ(l’R’f): . 1 1 '/_-Lz}/'i’ (5)
Tonsx i

revealing a linear wavenumber dependence of the imparted
phase of the meta-atom required by a perfect achromatic metal-
ens. Generally, the chromatic aberrations at other wavelengths
are compensated using the slope y. However, the real phase
imparted on the meta-atom against the wavenumber is normally
nonlinear due to the dispersion properties of the constituent
material, which would induce the material-dependent intrinsic
phase errors to cause the change of FL against the working wave-
length. Moreover, a shift is inevitable for the imparted phase on
each meta-atom because of the changes of the boundary condi-
tion for each meta-atom chosen from periodic during optimiza-
tion to aperiodic. Thus, a phase shift A¢p [¢'(4,S,E')=
@(4,S,E) + Ag] could be reasonably introduced into the real
phase of the meta-atom™!. As a consequence, a non-negligible
discrepancy is present between the real and target FLs, as shown
in Fig. 1(a). The phase shifts would change the slope of phase
versus wavenumber and thus may reduce the bandwidth, as
revealed by the following formula:

(p(/lmaxa&E) - (p(/lmin’&E) A(p"max - A¢min
1 1 + 1 1

Amax  Amin Amax  Amin

_ go(j'max’R’f) B (p(ﬂmin’R’f)
- 1 1 .

(6)

Amax /Imin

To address this issue, we proposed a strategy to reduce the
influence of the phase shift that occurred in the general method
above. We modify the method by focusing on the changes of the
phase profile of the metalens composed of all meta-atoms
instead of the phase shift of each meta-atom. The superposition
principle of the wavefronts of light allows us to propose an
APPCM approach of designing a broadband achromatic metal-
ens, which is illustrated in Fig. 1(b). The designed metalens con-
sists of two aperture-shared sub-metalenses Z1 and Z2. The
meta-atoms in the inner circular Z1 and outer ring Z2 trim
the phase profiles of f, and f,, respectively. The combined phase
profiles, along with the phase shift compensation effect from two
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Fig. 1. Schematic diagram of the phase profiles of broadband achromatic
metalenses. (a) The phase profile of a generally designed achromatic metal-
ens. The gray dashed line is the theoretically calculated phase profile of focal
length 7. Due to the phase shift Ag of the selected meta-atoms determined
using a periodic boundary condition, the actual phase profile of the metalens
becomes a brown solid line, and the corresponding focal length changes to £
For other wavelengths in the bandwidth range, the focal lengths have similar
changes, so that the focal lengths in the entire bandwidth range are not
exactly the same, and the purpose of the wide bandwidth cannot be achieved.
(b] The phase profile of a broadband achromatic metalens using APPCM. For a
certain wavelength A, the green solid line is the phase profile with focal length
f; designed in the Z1 zone (inner), the blue solid line is the phase profile with
focal length £, designed in the Z2 zone (outer), and the red solid line is the
overall phase profile corresponding to the focal length £, which is between
f, and f,. The combination of both phase profiles and the compensation of
the phase shifts caused by both the zones make the overall focus lengths
stay almost the same for all wavelengths within the bandwidth.
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Fig. 2. (a) Schematic of an achromatic metalens composed of cylindrical
SisN, ride meta-atoms. The height of the hollow nano-cylinder is 1500 nm,
and the period of the meta-atoms (P) is 450 nm. (b) Wavenumber depend-
ences of transmission (blue) and phase (red) for the meta-atom. The high
transmission and a nearly linear phase as a function of the wavenumber
are achieved in the entire visible region. The inset shows the geometry of
the hollow nano-cylinders, where the outer and inner radii of the ring are
170 nm and 70 nm, respectively.

regions, account for the resultant phase profile of the target FL.
The FL, f, of the metalens designed using APPCM can be easily
derived to be between f, and f,.

Diffraction theory is utilized to decide the position of the focal
point. When a plane wave irradiates on two sub-metalenses, the

output intensity I, along the optical axis can be approximated
[13]
as

n
L= Ni-I, 1<i<n, 7)
i=1

where i is the ordinal number of the metalens rings from inside
to outside, n is the total number of rings, N; is the total number
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of meta-atoms corresponding to i, and I; is the interference
intensity of the meta-atom corresponding to ring i at any posi-
tion on the optical axis (Z axis). Monte Carlo simulations are
performed with 100 simulations for the FLs of different wave-
lengths of Z1 and Z2 using a homemade code combined with
Eq. (7)1, Results, presented in Section 4 of Supplementary
Materials, indicate that the phase shift Ag of about 90° affects
the position of the focal point and decreases the bandwidth of
the metalens, but a reasonable allocation of Z1 and Z2 will help
to reduce the adverse effect of the phase shift.

2.2. Design of the broadband achromatic metalens

As mentioned above, the entire metalens was designed into two
sub-metalenses, Z1 and Z2, using APPCM. The meta-atoms in
Z1 and Z2 were optimized individually by using the general
method and manipulating the phase profiles of the sub-metal-
enses with the FLs of f, and f,, respectively. Nearly zero absorp-
tive silicon nitride (Si;N,) at the visible and near-infrared
wavelengths is taken as the meta-atom material on a quartz sub-
strate to achieve high focusing efficiency! (see Supplementary
Materials, Fig. S1). Nano-cylinders with high symmetry and
contrast are used as the basic structures of meta-atoms to
improve the focusing efficiency and realize polarization inde-
pendence as well®>*?, as shown in Fig. 2(a). The height and
the lattice constant of the meta-atoms were set as 1500 nm
and 450 nm, respectively. Both the inner and outer radii of nano-
cylinders were optimized within the range of 15-200 nm, and a
group of nano-cylinders with high transmission was collected
for a meta-atom library.

The wavenumber dependences of the phase and transmit-
tance of nano-cylinders were obtained by simulation using
the finite-difference time-domain (FDTD) method"®” (see
Appendix A for details). Figure 2(b) shows the transmission
and phase spectra of a nanocylinder with the outer and inner
radii of 170 nm and 70 nm, respectively, under the normal inci-
dence of x-polarized light. It can be seen that the phase in the
Fig. 2(b) increases almost linearly with the wavenumber in
the full spectral region, which is a prerequisite for designing a
broad bandwidth achromatic metalens. Figure 2(b) also shows
very high and steady transmission (blue line) close to 100%
for the wavelengths larger than 680 nm and then the transmis-
sion tends to drop still with a high level over 60% upon getting
closer to the lattice constant. The gradually decreased transmit-
tance from 450 to 680 nm is believed to be a result of high-order
diffractions.

To verify the concept of above APPCM, we designed a broad-
band achromatic metalens (M1) with a 950 nm bandwidth in the
wavelength range of 450-1400 nm using the hollow nano-cylin-
der Si;N, meta-atoms. The FLs of Z1 and Z2 are 200 pm and
250 pm, respectively. To optimize the accuracy of phase
manipulation of the chosen nano-cylinders, many more
nano-cylinders are simulated with the phases imparted for the
maximum (1400 nm) and minimum (450 nm) wavelengths,
as shown in Fig. 3(a) (light blue dots). The required phases of
Z1 and Z2 at the maximum and minimum wavelengths are
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Fig. 3. (a) Simulation of the phase manipulation of SizN, nano-cylinders. The
light blue solid dots represent the phases imparted on the nano-cylinders with
different inner and outer radii at the maximum and minimum wavelengths.
The black and green stars are the theoretically calculated phases for the Z1
zone (£ = 200 pm) and the Z2 zone (£, = 250 pm), respectively. It should be
noted that some black stars and green stars overlap due to different diam-
eters and FLs for Z1and Z2. The first black star on the upper right and the last
green star on the lower left represent the first unit and the last unit, respec-
tively. All units are arranged in order from top to bottom to be matched.
(b] Phase prafiles of the broadband achromatic metalens M1 designed using
the APPCM approach. The phase manipulation using the chosen nano-
cylinders (red) is basically following the theoretical calculations (blue).

shown using black and green stars, respectively. The phases
imparted on the chosen nano-cylinders are selected close to
the phases required by two zones as much as possible, as indi-
cated by those red circles. One should bear in mind that the
numbers of meta-atoms in both zones are almost equal for
the achievement of maximum bandwidth in this design, because
the number of meta-atoms contributing to each phase value
increases with the increasing of radius R. The phase profiles
of the inner circle and outer ring form a new phase profile cor-
responding to FLs. (The statistical results in Section 4 of
Supplementary Materials show that the bandwidth will be sta-
bilized within 5% in the case of Z1:Z2 ~ 40:10.)

The phase profiles of the metalens (M1) composed of the
chosen nano-cylinders versus the radius of the metalens are
shown in Fig. 3(b). The phases in both zones can be found to
be basically consistent with the corresponding theoretical calcu-
lations. It should be noted that the simulated phase of the
selected structural unit is different from the phase of our theo-
retical design. We have theoretically proved that a common
amount of phase shift is completely equivalent (see Section 3
of Supplementary Materials).

3. Results and Discussion

The performance of the broadband achromatic metalens
designed using the APPCM approach was simulated under
the illumination of a normally incident x-polarized plane wave
onto the metalens from the quartz substrate®®). Figure 4(a)
shows the normalized intensity profiles of the metalens M1 in
the plane x = 0 (y-z plane) at different wavelengths. The plane
waves for different wavelengths in the range of 450-1400 nm
were focused at almost the same position (Z=214pm),
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around the focal point of metalens M1 at different wavelengths. The gray
dashed line is the average (214 um) of the focal lengths for all wave-
lengths. (b) Intensity profiles in the focal plane (x-y plane) of M1 at different
wavelengths. (c] Longitudinal cross sections of the corresponding focal
spots in (b).
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suggesting the achromatic metalens with a 950 nm bandwidth
spanning the visible and near-infrared, as designed. The inten-
sity profiles of M1 in the focal plane (x-y plane) for different
wavelengths and their corresponding longitudinal cross sections
of focal spots are shown in Figs. 4(b) and 4(c), respectively. The
results show nearly diffraction-limited focusing for all wave-
lengths with no obvious distortion.

It is worth noting that the FL of a broadband achromatic met-
alens usually varies at different wavelengths due to the errors
between the phase manipulation by the meta-atoms and the
theoretical one. To better evaluate the discrepancies of FLs at dif-
ferent wavelengths, we introduced the concept of the coefficient
of variation (CV) in statistics"**%

SD
CV = —— % 100%, 8
MN 0 (8)
where MN=1%"7 f is the average, and SD=

\/ L3 (f; — MN)? is the standard deviation.

Here, CV for M1 is derived to be 4.05%, which is within the
allowed scope (5%) of the international standard of chromatic
aberration. To demonstrate that an achromatic metalens
designed using the APPCM approach can improve the FL varia-
tion, we took the sub-metalens Z1 as an individual metalens with
FL of 200 pm for comparison. The deviation of FLs for Z1 is
shown in Fig. 5(a) (gray round-dot-line) and Supplementary
Materials, Fig. S7(a). The maximum discrepancy reaches as large
as 80 pm with CV = 14.79%. Furthermore, another metalens
M1’ with the same size and focal length as M1 was designed,
and its CV is 11.7% [see Supplementary Materials, Fig. S7(d)
for normalized intensity distribution]. These results show that
the APPCM method can effectively suppress FL fluctuations.
To assess the capability of the APPCM approach suppressing
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Fig. 5. Performances of broadband achromatic metalenses M1 and M2.
(a) Focal length as a function of wavelength for metalenses M1 and M2.
The round-dot line and the diamond-dot line represent the focal lengths of
M1 and M2, respectively. The red and blue lines are the focal lengths of the
entire metalens, whereas the gray line is the focal length of the inner zone.
The green and yellow shadow areas demonstrate the DOF of M1 and M2 at
different wavelengths, respectively. (b) Simulated focal lengths of M1 for X,
Y polarizations (X-LP, V-LP), right-handed circular polarization (RCP), and
right-handed elliptical polarization (REP). (c) Simulated FWHMs at different
wavelengths. The red round and blue diamond dots are the FWHMs of M1and
M2, respectively. The green and yellow dotted lines represent the theoretical
FWHMs of metalenses M1 and M2. (d) The red round and blue diamond dots
give the wavelength dependence of the focusing efficiency of metalenses M1
and Mg, respectively.

the FL fluctuation of a metalens, we designed another metalens
M2 (NA = 0.132) with the same bandwidth but a different FL
from M1. The focusing of M2 for different wavelengths is shown
in Fig. 5(a) (diamond-dot-line) and Supplementary Materials,
Figs. S7(b) and S7(c). The discrepancies of the FLs for different
wavelengths were also reduced as expected (CV =4.83%).
Besides the FL, the depth of focus (DOF) is another important
parameter for a lens, which is defined as the range around the
focus with the normalized intensity over 0.95*?!. The DOFs
of M1 and M2 for different wavelengths are shown with green
and yellow areas in Fig. 5(a), respectively.

The nano-cylinder-based metalenses are intuitively expected
to be polarization-independent®>**, To prove this point, sim-
ulations were performed on the focusing of M1 with the illumi-
nations of four different polarizations, i.e., X, Y polarizations
(X-LP, Y-LP), right-handed circular polarization (RCP), and
right-handed elliptical polarization (REP). The simulated results
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shown in Fig. 5(b) reveal almost the same FLs at different wave-
lengths for different polarizations.

Diffraction-limited focal spots of lenses are recognized to be
capable of improving the imaging resolution, which is a key per-
formance parameter for imaging systems'**!. The full width at
half-maximum (FWHM) of a focal spot can be adopted to esti-
mate the imaging resolution, and thus the FWHMSs of the
focal spots of M1 and M2 for different wavelengths are shown
in Fig. 5(c). The FWHMs for different wavelengths are close to
their theoretical limits (0.5/NA), demonstrating the near-
diffraction-limited focusing capability of the designed metal-
enses in the full bandwidth. Also, another crucial performance
parameter for a metalens was the focusing efficiency, which is
defined as the ratio of total electric field intensity within the
range of three times the FWHM of the focal spot to the total elec-
tric field intensity of incident light'**!. The focusing efficiency of
M1 is over 70% within the wavelength range from 600 nm to
1400 nm, as shown in Fig. 5(d). High-order diffractions resulted
in the rapidly decreased efficiency as the wavelength gets closer
to the lattice constant of meta-atoms, i.e., from 450 nm to
600 nm. The inset in Fig. 5(d) presents the efficiency of M2 over
60% with the wavelength ranging from 600 nm to 1400 nm.
(Compared with the reported broadband achromatic metal-
enses, whose focusing efficiencies have fluctuated at the working
wavelength!”>?*], the achromatic metalenses we designed dem-
onstrate the efficiencies in a high level at different wavelengths,
which provides the possibility for application of high-efficiency
metalenses with broad bandwidth.)

4. Conclusion

Accurate phase manipulation for a metalens based on metasur-
faces is normally indispensable for the realization of powerful
functionalities with superior performances, but it is quite chal-
lenging. We thus proposed the APPCM approach, which makes
it possible to design high-performance metalenses in terms of
the effects of phase shift compensation and phase error correc-
tion for different wavelengths. The distortion of phase shifts
would possibly lead to the fluctuation of focal length with the
wavelength, the degradation of focusing efficiency, and the
bandwidth narrowing of a metalens. We successfully demon-
strated the feasibility of the APPCM approach by designing the
high-performance metalens with the hollow nano-cylindrical
Si3N, dielectric meta-atoms on a quartz substrate. The metalens
was designed into two sub-metalenses composed of the meta-
atoms with different configurations optimized to individually
manipulate the phase profiles of different focal lengths using
the conventional method. The combined phase profiles and
the phase shift compensation of two sub-metalenses account
for the resultant phase profile of the target focal length, which
effectively suppresses the fluctuation of the focal lengths for
different wavelengths to improve the stability of high focusing
efficiency. The designed broadband achromatic polarization-
independent metalens shows a bandwidth as broad as 950 nm
ranging from 450 to 1400 nm, and the high focusing efficiencies
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over 70% with a maximum of 77%. The CV of the focal lengths
in the full bandwidth is only 4.05%. The metalens designed using
the ACCPM approach presents outstanding performances com-
pared to the literature from the perspectives of both bandwidth
and focusing efficiency. The ACCPM approach provides a novel
design platform for high-performance metalenses and other
metasurfaces, which have potential for imaging in various fields
such as self-driving vehicles, robotic vision, and virtual reality.

Appendix A: Numerical Simulation

All numerical simulations were carried out with the commer-
cialized FDTD software (FDTD Solutions, Lumerical Inc.).
For the simulation of unit elements, a unit cell with periodic
boundary conditions and x-polarized normal incidence is
employed for the simulation of transmission spectra and phase
profile. For the simulation of a metalens, a perfectly matched
layer (PML) is employed as the boundary condition for the x
and y directions to mimic a free space for far-field scattering
simulation. To block injection of the field beyond the lens, an
aperture made of perfect electric conductor (PEC) material
was placed right before the metalens.
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