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Abstract: Metasurface can be used in combination with singlet refractive lens to eliminate
chromaticity, in which the metasurface usually works as a dispersion compensator. Such a kind
of hybrid lens, however, usually has residual dispersion due to the limit of meta unit library.
Here, we demonstrate a design method that considers the refraction element and metasurface
together as a whole to achieve large scale achromatic hybrid lens with no residual dispersion. The
tradeoff between the meta-unit library and the characteristics of resulting hybrid lenses is also
discussed in detail. As a proof of concept, a centimeter scale achromatic hybrid lens is realized,
which shows significant advantages over refractive lenses and hybrid lenses designed by previous
methods. Our strategy would provide guidance for designing high-performance macroscopic
achromatic metalenses.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical lens is the core element of imaging systems, which has been developed throughout
the history of optical engineering based on refractive optics [1]. Nevertheless, the chromatic
aberration coming from the material dispersion severely degrades the imaging quality under
white light illuminations. The conventional solution to correct chromatic aberration is to cascade
multiple refractive lenses, in which each lens has a different shape and material [1,2]. However,
it usually only corrects chromatic aberration at several discrete wavelengths (usually two) in
a rigid viewpoint, because one can hardly match the whole dispersion compensation by very
limited lens group (two or three). In this case, more pieces of lenses are necessary to access a
considerably good achromatism, and thus the whole imaging module needs sacrifice in system
complexity, say, large weight and volume, and difficulty in mounting process. The macroscopic
size of refractive lenses significantly limits the miniaturization of optical systems. Many efforts
have been made to reduce the size and maintain high performance by employing the diffractive
optical elements (DOE) [3,4]. However, the Abbe number of DOE is fixed at -3.45, which is
hard to be manipulated and usually results in residual chromatic aberrations.

In recent years, metasurfaces, composed of sub-wavelength structures, have attracted increasing
interest due to their powerful capability to manipulate optical field [5–9]. Metasurfaces with
focusing phase profiles, termed as metalenses, have been studied extensively [7–12]. Towards
achromatic metalenses, numerous efforts have already been made both in discrete wavelengths
[13–15] and continuous wavelength band [16–19]. Nevertheless, there are fundamental constraint
for these “dispersion engineering methods” within very limited meta-units, leading to a size
limitation of high-performance achromatic metalens [18,20,21]. The double-layer design can
increase the upper limit of size slightly compared with the single-layer design, but the increase
on size is limited and it still cannot break through the limitation to achieve large-scale broadband
achromatism [22]. To overcome the size limitation, several chromatic aberration meta-correctors
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incorporation with refractive elements are implemented [23–27]. However, previous works
mainly treated the metasurface as a corrector to compensate the dispersion of the existing
refractive lenses with fixed height profile, which will lose a part of design freedom compared with
unifying the metasurface and refractive lens in a joint design. Moreover, some of these hybrid
lenses exhibited secondary spectrum or higher-order residual dispersion, as is shown in Fig. 1(b),
due to the neglect of the group delay dispersion. In order to maximize the design freedom
and realize hybrid lenses without residual dispersion, as shown in Fig. 1(c), it is necessary to
treat metasurface and refractive lens as a whole, and design the hybrid lenses by analyzing the
dispersion comprehensively.

Fig. 1. (a) Schematic of refraction lens with chromatic aberration. (b) Schematic of
hybrid metalens with residual dispersion. (c) Schematic of hybrid metalens with no residual
dispersion.

In this paper, we propose a design to realize achromatic hybrid metalenses with correction
of secondary spectrum. By treating hybrid metalenses as a whole, we derive the fundamental
restriction relation between the size, numerical aperture (NA) and other parameters of the lenses.
Then, a centimeter scale achromatic hybrid metalens is realized. By comparison with common
refractive lenses and hybrid lenses designed by previous methods, our design exhibits great
advantages in achromatic performance.
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2. Results

2.1. Design method and fundamental limitations of achromatic hybrid metalenses

The phase profile of a hybrid metalens is composed of three parts - the phase profile φR(r, ω)
provided by the refractive lens, the propagation phase φT (r, ω) and the Pancharatnam-Berry
(PB) phase φPB(r) provided by the meta units [23], where r is radial axis and ω is the angular
frequency. Note that the PB phase does not vary with the wavelength that equals to two times the
rotation angle of the meta unit [8]. Therefore, the dispersion property of the hybrid metalens is
mainly determined by φR(r, ω) and φT (r, ω), which can both be expanded as a Taylor series with
respect to ω as

φR(r,ω) = φR(r) + gR(r)ω +
1
2

GR(r)ω2 + · · · , (1)

φT (r,ω) = φT (r) + gT (r)ω +
1
2

GT (r)ω2 + · · · , (2)

where φR(r) / φT (r), gR(r) / gT (r) and GR(r) / GT (r) are the relative phase profile, group delay
and group delay dispersion provided by the refractive part and meta unit, respectively. Generally
speaking, the whole group delay gR + gT determines the difference in the wave packets arrival
time at the focus, while the whole higher-order derivative terms (such as group delay dispersion
GR +GT ) ensure that the outgoing wave packets are identical [17]. Thus, in order to achieve
broadband achromatism, these terms should satisfy relations as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

φT (r) + φR(r) + φPB(r) = φideal(r)

gT (r) + gR(r) = ∂ϕideal
∂ω

|︁|︁|︁
ω=0

GT (r) + GR(r) = ∂2ϕideal
∂ω2

|︁|︁|︁
ω=0

. . .

, (3)

where φideal(r), ∂φideal/∂ω and ∂2φideal/∂ω2 are the relative phase profile, group delay and group
delay dispersion of an ideal achromatic lens, respectively. Generally speaking, the phase profile
φideal(r, ω) provided by an ideal achromatic flat lens follows the hyperbolic relation:

φideal(r,ω) = −
ω

c

√︂
r2 + f 2 + C(ω), (4)

where f is focal length, c is light speed in vacuum and C(ω) is the spectral degree of freedom.
Eq. (1–4) provide a general framework to realize the design of an achromatic hybrid lens. More
specifically, we consider the concrete form of φR(r, ω), which can be approximately derived
based on the accumulation of the optical path [1],

φR(r,ω) =
ω

c
(n(ω) − nb)H(r), (5)

where n(ω) is the refractive index of the material of the refractive part, which can be approximately
expanded as n0 + (dn/dω) ω, nb is the refractive index of the background and H(r) is the height
profile of the refractive part. Put Eq. (4)–(5) into Eq. (3), we can yield⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

φT (r) + φPB(r) = C0

gT (r) = C1 −
1
c

√︁
r2 + f 2 − 1

c (n0 − nb)H(r)

GT (r) = C2 −
2
c (

dn
dω )H(r)

. . .

(6)

where C0, C1, C2 are three constants accordingly. Based on Eq. (6), the design method of an
achromatic hybrid metalens with fixed diameter and focus length can be constructed following
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three steps. The first is to derive the electric response of all meta units with specific parameters
to establish a library through full-wave electromagnetic simulation. Secondly, one should select
proper meta units from the meta-unit library and determine the height distribution H(r) based on
Eq. (6). Thirdly, we can calculate the PB phase based on Eq. (6) and derive the rotation angle of
each meta unit.

Besides, considering that the group delay and group delay dispersion provided by the meta
units is finite, there will indeed exist a physical bound on the parameters of achromatic hybrid
metalenses. By combining all equations in Eq. (6), a restriction relation can be yielded:

R ≤
c max∆Φ

1
NA −

√︂
1

NA2 − 1
(7)

where R is the radius of a hybrid metalens, NA is the numerical aperture, F is the generalized
group delay and is defined as

Φ = gT (r) −
n0 − nb

2dn/dω
GT (r). (8)

Here, max ∆F is the maximum difference of F for all meta units. In fact, Eq. (7) is a
generalization of restriction relation for ideal achromatic metalenses [17]. For a single achromatic
metalens without refractive part, group delay dispersion GT needs to be a constant according to
Eq. (6), so ∆F is equal to ∆gT , which means only ∆gT contributes to the size bound according
to Eq. (7). While for a hybrid lens, GT is not necessarily a constant, which means both group
delay ∆gT and group delay dispersion ∆GT contribute to the size bound of achromatic hybrid
lenses. Thus, the maximum size of achromatic hybrid lenses is usually much higher than that of
achromatic metalenses with fixed meta-unit library.

As a proof of concept, we start by designing an achromatic hybrid lens with relatively small
size. The meta-unit library used to construct this lens (denoted as meta-unit library I) is composed
of units with five different shapes, as is shown in Fig. 2(a). The application of different shapes of
meta-unit aims to provide more adjustable degrees of freedom, enabling the meta-unit library
to provide greater dispersion coverage while maintaining a high polarization conversion rate.
The material of meta unit is set as Si3N4. The height of meta units is set as 1200 nm, while the
period is set as 400 nm. The geometry parameters of these structures (such as length or width)
are designed in the range of 80 to 350 nm. By employing a commercial software (Lumerical
FDTD Solutions), we obtained the electrical field responses ranging from 470 nm to 680 nm
in this meta-unit library. By setting the material of refractive part as Si3N4, the distribution of
generalized group delay F with respect to gT can be derived based on Eq. (1) and Eq. (8), which
is denoted as group delay space and is shown as blue dots in Fig. 2(b). The pink dashed line
denotes the maximum generalized group delay which can be utilized to realize achromatic hybrid
lens, which is ∼60 fs. As a comparison, the generalized group delay which can be utilized to
realize achromatic metalenses is only ∼5 fs due to the fact that the group delay dispersion needs
to be constant [17], shown as white dotted arrow. Based on Eq. (7), the maximum diameter
of the achromatic hybrid metalens with NA fixed at 0.1 can achieve 700 µm for this meta unit
library. Due to limited simulation resources, we only select a part of meta units (denoted as
orange line) in this case, which correspond to an achromatic hybrid lens with diameter equal to
200 µm and NA equal to 0.1. Then, the height distribution is calculated based on Eq. (6) and
schematic diagram of the whole lens is shown in Fig. 2(c).

To characterize the focusing properties of this lens, we calculated focusing intensity distribution
in x-z plane for incident light ranging from 470 nm to 680 nm based on scalar diffraction theory
[28], and performed full-wave simulations based on Lumerical FDTD Solutions as a validation,
as is shown in Fig. 2(d). It is clear that the brightest spots at all wavelengths are almost located at
the same position, which demonstrates the achromatism of our design. Besides, the calculated
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Fig. 2. (a) The schematics of five kinds of meta units in library I, where the materials of
meta units and refractive part are both set as Si3N4. (b) The group delay space composed
of generalized group delay F and group delay g of meta library I. The pink dashed line
and white dashed arrow show the generalized group delay range available for the hybrid
lenses and metalenses, respectively. The orange dashed line denotes the chosen meta units to
construct the hybrid metalens. (c) Schematic of designed hybrid lens with diameter equal to
200 µm and center thickness equal to 4.5 µm. (d) Calculated and simulated focusing intensity
distribution in x-z plane at 8 wavelengths.

results are in good agree with the simulated one. This proves the accuracy of the calculation
method. Due to the difficulty of performing full-wave simulation on a large-scale lens (such as
centimeter-scale), we will only perform calculation in the next section.

2.2. Centimeter-scale achromatic hybrid metalens

As is shown above, the maximum diameter of the hybrid lens constructed by meta unit library I is
only 700 µm. This is mainly due to two reasons. First, the group delay and group delay dispersion
provided by the 1200 nm-height Si3N4 meta units is relatively small, which can be increased by
improving the height and refractive index of the meta units [18]. Second, the refractive index
dispersion dn/dω is relatively high for Si3N4 (∼0.048 fs), which can be decreased by replacing
Si3N4 with a low dispersion material. Therefore, we constructed meta-unit library II by changing
the material of meta unit from Si3N4 (n∼2) to GaN (n∼2.4), changing the material of refractive
part from Si3N4 to SiO2 (dn/dω ∼0.006 fs) and increasing the height of meta units to 2 µm, as is
shown in Fig. 3(a). Figure. 3(b) shows the group delay space of the meta-unit library II (blue
dots). The maximum generalized group delay reaches 900 fs in this space, which determines the
maximum diameter equal to 1.05 cm when NA= 0.1 based on Eq. (7).

By selecting a part of meta units in the meta-unit library II (denoted as orange line in Fig. 3(b)),
an achromatic hybrid lens with NA= 0.1 and diameter= 1 cm is realized (denoted as HLG).
The maximum thickness of refractive part is 500 µm. Then, we calculated focusing intensity
distribution in x-z plane for this lens, as is shown in the top row of Fig. 3(c). To illustrate the
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Fig. 3. (a) The schematics of five kinds of meta units in library II, where the material of
meta units is set as GaN and that of refractive part is set as SiO2. (b) The group delay
space composed of generalized group delay F and group delay g of GaN meta units. The
orange dashed line denotes the chosen meta units to construct the hybrid lens. (c) Calculated
focusing intensity distribution in x-z plane at 8 wavelengths for HLG (upper), HLg (middle)
and RL (lower). (d) Focus shift of HLG, HLg and RL. (e) Achromatic Ratio of HLG, HLg
and RL. (f) Strehl ratio of HLG, HLg and RL.

necessity of considering both group delay and group delay dispersion, we also design a hybrid
lens which only considers group delay (only satisfy the first two equations in Eq. (3), denoted
as HLg) and a refractive lens (denoted as RL) with the same material and parameters. The
calculated focusing intensity distribution of these two lenses are exhibited in the middle and
bottom rows of Fig. 3(c). The black dashed line in each sub-figure denotes the designed focus
length, which shows that HLG could focus light in the whole spectrum into almost the same
point. However, HLg just correct part of chromatic aberrations and there is an obvious deviation
at wavelengths shorter than 530 nm.

Figure. 4(a) shows the distribution of the focus shift of three lenses with respect to the
wavelength (interval= 1 nm), where the focus shift at 560 nm is fixed at 0 µm for three lenses. To
further quantify the achromatic ability of these lenses, we defined the achromatic ratio, which is
the ratio of the number of achromatic wavelengths to the number of all the wavelengths in the
working spectrum (470 nm-680 nm, interval fixed at 1 nm). The achromatic wavelength here
denotes the wavelength at which the absolute value of focus shift is smaller than the depth of
focus. Figure. 4(b) shows the achromatic ratio of three lenses, where HLg can only correct 70%
chromatic aberration (which is consistent with previous report [25]), while HLG can correct
100% chromatic aberration. The Strehl ratios of three lenses at designed focus plane are shown
in Fig. 4(c). The HLG reaches diffraction limit (>0.8) in most area of working spectrum, while
Strehl ratios of other two lenses will be relatively low (<0.5) at some wavelengths. The diffraction
efficiency of HLG is shown in Fig. 4(d). It is calculated by dividing the power in the focal



Research Article Vol. 31, No. 13 / 19 Jun 2023 / Optics Express 21405

spot (the power of transmission light passing through a circular area with radius of 3× FWHM)
by the power of co-circularly polarized transmitted light passing through an aperture with the
same diameter as the hybrid lens. In the visible bandwidth, the diffraction efficiency of most
wavelengths is higher than 80%. All the results above show the advantages and necessity of
considering both group delay and group delay dispersion in the design of achromatic hybrid
lenses with the correction of secondary spectrum (or residual dispersion).

Fig. 4. (a) Focus shift of HLG, HLg and RL. (b) Achromatic Ratio of HLG, HLg and RL.
(c) Strehl ratio of HLG, HLg and RL. (d) Diffraction efficiency of HLG.

3. Discussion and conclusion

In this paper, we successfully designed the achromatic hybrid lens with maximum diameter
theoretically. However, it should be mentioned that the maximum radius determined by the
Eq. (7) can only be achieved by selecting meta units along the edge of the group delay space. In
other case, if the height distribution follows a certain shape, the selecting of the meta units will
form a line with large curvature in the group delay space, which will add a strong restriction on
the size of the hybrid lenses.

In summary, we have proposed a complete design method for achromatic meta-refractive
hybrid lens, in which both group delay and group delay dispersion are well engineered to realize
achromatism with correction of secondary spectrum. Besides, we derived the upper bound of the
size of these kinds of hybrid lenses and pointed out that such bound comes from the finite range
of group delay provided by the meta units. The design method provides a new route that possibly
promotes the hybrid lenses to real application.
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