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Abstract 

The emergence of metalens has opened new possibilities for miniaturizing optical systems. However, 
the limited group delay provided by meta-atoms restricts their aperture size under broadband 
operation. This challenge has stimulated the development of hybrid refractive-metalens system, 
which overcome the performance limitations of individual metalens while achieving a more compact 
form factor than conventional refractive lens assemblies. Here, we propose a design methodology for 
hybrid lenses that combines ray tracing with full-wave simulation. We analyze key aspects of the 
metalens within the hybrid system for wide wavelength band — dispersion and transmission 
efficiency. Based on this approach, we designed a high-resolution hybrid lens operating in the 430-
650nm visible band with a 35° field of view. The results demonstrate that the proposed lens achieves 
equivalent imaging performance to conventional refractive systems while reducing the total track 
length by 29%. This validates the effectiveness of our design method, indicating its strong potential 
for application in compact and lightweight optical systems. 

Keywords: hybrid refractive-metalens; aberration-corrected; visible imaging 
 

1. Introduction 

The rapid advancement of imaging sensor technology has intensified the need for optical 
systems that deliver exceptionally high resolution while conforming to stringent size, weight, and 
power constraints, particularly in applications such as unmanned aerial vehicles and next-generation 
consumer electronics. Conventional refractive lenses form images by gradually bending light 
through curved surfaces, relying on the cumulative phase accumulation as waves propagate through 
media of different refractive indices. To correct various optical aberrations, intricate combination of 
multiple, precisely crafted lens elements to precisely manipulate the optical path differences and 
phase accumulation across both the aperture and the spectrum. This systematic correction, while 
effective, fundamentally compromises the core goals of miniaturization and cost efficiency, leading 
to increased volume, weight, and manufacturing complexity. 

The emergence of metasurfaces, a planar metamaterials engineered with subwavelength 
nanostructures, has heralded a paradigm shift, promising unprecedented control over the phase, 
amplitude, and polarization of light [1]. These ultra-thin platforms offer exceptional design freedom, 
enabling high-performance metalenses [2–4], polarization-selective devices [5–7], and holography [8–
10] within dramatically reduced form factors. Recent advancements, such as nonlocal metasurfaces 
utilizing multilayer coupling, further open pathways toward ideal wavefront manipulation and 
system integration [11,12]. However, the promise of metasurfaces is tempered by formidable 
challenges. The design and simulation complexity escalates prohibitively for large-aperture 
metalenses. While dispersion can be tailored using nanostructures with specific group delays, this 
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approach imposes stringent fabrication constraints, requiring extreme alignment precision and 
deeply subwavelength features, often at the expense of efficiency and practical manufacturability 
[13–16]. 

In this landscape, a synergistic approach emerges: the hybrid refractive-metalens system 
(HRMS). By marrying the robust light-bending capabilities of conventional refractive lenses with the 
nanoscale wavefront manipulation of metasurfaces, HRMS offers a compelling path to compact, 
aberration-corrected optics [17]. This synergy reduces both the number of refractive elements 
required and the fabrication complexity demanded of the metasurface [18,19]. Yet, current 
explorations of HRMS remain limited, predominantly focused on mid-infrared wavelengths and on-
axis performance at normal incidence, with wide-field imaging scenarios and critical factors like 
metasurface-induced transmission loss often overlooked. 

Here, we present a comprehensive design methodology for a visible-spectrum HRMS that 
addresses these critical gaps. Our work emphasizes the optimization of optical transmission and the 
effective mitigation of chromatic aberration across the entire visible band. We outline fundamental 
principles for intelligently distributing optical power between the refractive and metasurface 
components. This strategy not only simplifies the lens system,minimizing the number of elements, 
particularly challenging aspheric lenses,but also relaxes the fabrication tolerances for the metasurface 
without compromising its diffraction efficiency. The metasurface is specifically engineered to provide 
chromatic compensation, leveraging the complementary advantages of both technologies. To 
validate our framework, we designed and tested an exemplary HRMS. The results demonstrate a 
significant reduction in the total track length (TTL) compared to conventional refractive designs, 
alongside relaxed manufacturing requirements and a simplified metasurface architecture. This work 
provides a practical and efficient strategy for realizing broadband, achromatic imaging in next-
generation compact optical systems, bridging the gap between high performance and stringent 
SWAP constraints. 

2. Design Principles 

The design of HRMS leverages the exceptional phase manipulation freedom offered by 
metasurfaces, which surpasses the limitations of conventional freeform optics in both achievable 
phase profiles and practical manufacturability. This enhanced freedom is key to simultaneously 
reducing the TTL and improving the modulation transfer function (MTF) across the field. 

The design workflow of the HRMS is illustrated in Figure 1. A key challenge in such systems lies 
in bridging the macroscopic optical layout with the microscopic behavior of meta-atoms. 
Macroscopic optical simulations typically rely on ray tracing, whereas the response of individual 
meta-atoms requires full-wave vectorial simulation methods, which are not directly applicable to 
large-scale systems. To address this multiscale problem, we adopt a combined approach integrating 
ray tracing and full-wave electromagnetic simulations. Although the light propagation through a 
metalens is governed by vectorial Maxwell’s equations, the deflection of light at the metalens 
interface follows the generalized Snell’s law. This makes it feasible to derive the phase gradient point-
by-point and reconstruct a continuous phase profile. By treating the metalens as a phase surface in 
ray-tracing software, it becomes possible to co-optimize the metalens with conventional refractive 
elements, thereby bridging macro- and micro-scale optical design. Note, however, that this phase-
surface abstraction ignores effects such as diffraction efficiency and higher-order diffraction. It is 
therefore essential that the actual phase response of the fabricated metalens closely matches the ideal 
phase profile. 

The first step involves using ray-tracing software is used to optimize the entire optical system 
by representing the metalens as a phase surface. Here the commercial software ZEMAX is used for 
optical design. The optimization procedure mirrors that of conventional refractive lenses, involving 
the selection of appropriate variables and operands to minimize aberrations. To achieve high imaging 
quality across a wide field of view (FOV), different from the parabolic profile used in axial focusing, 
an even-order polynomial phase profile is adopted in the design [20]. Consistent with the 
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methodology used in single-layer metalens designs for large FOV applications [21], this approach 
enables effective aberration correction through optimization of the even-order coefficients. Special 
attention is also paid to the angles of incidence and dispersion at the phase surface to ensure the 
manufacturability of the metalens. 

 
Figure 1. Design flowchart of HRMS. 

In the second step, the metalens is designed at the meta-atom level. Full-wave simulations are 
performed to characterize the optical response of individual meta-atoms, here finite-difference time-
domain method (FDTD) is used for simulating the optical performance of the metalens. By scanning 
their geometric parameters, a phase and transmission library is obtained. The target phase profile 
obtained from ray tracing is then used to optimize the arrangement of meta-atoms across the surface, 
resulting in a physically-realizable metasurface layout. 

The third step is the validation of the HRMS. The actual phase profile of the manufactured 
metalens is either discretized into a grid phase matrix based on the local periodicity approximation 
or fitted with a new set of polynomial coefficients. These representations are re-imported into the ray-
tracing software for approximate simulation, enabling performance verification before physical 
fabrication. 

Throughout the optimization of the metalens, two key performance metrics are emphasized: 
focusing efficiency and polychromatic MTF across the entire FOV. High focusing efficiency directly 
contributes to improved signal-to-noise ratio in the captured images, while full-field MTF indicates 
the imaging resolution of the system under real-world conditions. Many existing single-layer 
metasurface designs for achromatic operation achieve color correction at the cost of reduced focusing 
efficiency and often only optimize MTF for on-axis incident light. As a result, although compact, such 
systems tend to exhibit lower imaging signal-to-noise ratio and degraded off-axis performance. To 
overcome these limitations and achieve higher overall image quality, our design simultaneously 
prioritizes both focusing efficiency and full-field MTF, ensuring that the metalens performs robustly 
with high resolution across varied practical imaging scenarios. 

Building upon the design workflow and figure of merit outlined previously, we now delve into 
the specific characteristics of the metalens. The operation of metasurfaces is governed by diffraction, 
they exhibit dispersion behavior analogous to that of conventional diffractive lenses. This similarity 
allows the well-established design methodologies for diffractive optics to be informatively applied to 
metalenses. In the ray tracing design, a broadband light source is employed, while the metalens is set 
in Zemax as a wavelength-independent binary phase profile. This phase profile is defined by an even-
order polynomial independent of wavelength, which can be written as: 
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where an denotes phase coefficients of the even order polynomial r is the radial coordinate of the 
metalens and rnormal is the normalized radius, respectively. Note that the phase profile here is 
wavelength independent, when different incident wavelengths are taken into account, the phase 
profile can be depicted as follows:  
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in Eq. (2), the phase coefficients an is transformed into a quantity that related to the wavelength. It 
can be observed that the phase profile exhibits a linear relationship with the reciprocal of wavelength, 
which is consistent with the phase response of the meta-atom across different wavelengths. 
Therefore, the meta-atom dimension at a given position of the metalens can be determined by 
matching both the phase value at the central wavelength and the group delay to the target phase 
profile. It is also essential to keep high transmission efficiency over the operating bandwidth to ensure 
the overall performance of the metalens. A wavelength-dependent constant c(λ) can be into Eq. (2) 
and intelligent algorithms such as particle swarm optimization can be used to achieve a better 
matching between the meta-atom and the phase profile [22]. If the required group delay is excessively 
large, a quasi-achromatic approach based on folding the group delay in the time domain can be 
employed [23]. On the other hand, based on the Eq. (2), the metalens could maintain chromatic 
aberration in HRMS. To better illustrate the chromatic behavior, we consider a representative single-
layer metalens designed at a central wavelength of 550 nm to compare the focal length variation 
between FDTD simulation and ZEMAX. Figure 2(a) illustrates the schematic of the meta-atoms 
composed of niobium oxide (Nb₂O₅) nanopillars with cylindrical, square, and hexagonal cross-
sections on a 350 nm period silica substrate with a height of 700 nm. As shown in Figure 2(b), each 
geometry exhibits distinct transmittance and phase response. Achieving high overall transmission 
requires not only accurate phase modulation but also high transmittance at the meta-atom level, 
necessitating a diverse set of structural options. Figure 2(c) presents the focal length shift across 
wavelengths obtained through full-wave simulation. The metalens, designed for 550 nm, exhibits 
progressively shorter focal lengths as wavelength increases. Figure 2(d) compares full-wave 
simulation results with ZEMAX simulations using a binary 2 surface, revealing a consistent trend. 
This agreement confirms that the metalens preserves certain chromatic properties that can be utilized 
by sharing a same phase profile across multiple wavelengths. 

 
Figure 2. Verification of chromatic aberration of metalens. (a) Schematic diagram of meta-atom. (b) 
Transmittance, phase retardation and group delay with different meta-atoms. (c) Intensity at axial plane at 
different wavelength using FDTD method. (d) Focal length for FDTD simulation results with Zemax simulations. 

Unlike single metalens imaging systems [24], the hybrid design allows the use of a broadband 
source during ray-tracing optimization. The opposite signs of chromatic aberration between 
refractive and meta-diffractive elements enable effective chromatic compensation within the HRMS. 
Consequently, satisfactory polychromatic MTF can be achieved through co-optimization, 
demonstrating the potential of HRMS in correcting chromatic aberrations. 
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In addition to chromatic aberration, transmittance is another critical performance metric for 
metasurfaces. High transmittance helps reduce stray light and ensures a high signal-to-noise ratio in 
the resulting images. During the design process, the period of the meta-atoms must be carefully 
chosen to satisfy the Nyquist sampling criterion under oblique illumination. As the angle of incidence 
increases, the effective normal wavevector decreases, making it essential to suppress higher-order 
diffraction and avoid stray light under non normal incidence conditions. As illustrated in Figure 3(a), 
which analyzes cylindrical meta-atoms at 550 nm under tilted incidence, a notable decrease in 
transmittance is observed beyond 30° incidence [25]. Furthermore, the optical power distribution of 
the metalens must be properly allocated. As the numerical aperture, NA, increases, the focusing 
efficiency tends to decrease [26]. Figure 3(b) shows the focusing efficiency, defined as the ratio of 
energy within three times the full width at half maximum (FWHM), to the total incident energy, for 
metalenses with a diameter of 50 µm at 550 nm. It is evident that the focusing efficiency declines with 
increasing NA. Therefore, a balanced co design of refractive and meta optics is essential to achieve 
both high image quality and device miniaturization. 

 
Figure 3. Incident angle analysis of metalens. (a) Transmittance of the circular meta-atom with different incident 
angle at the wavelength 550 nm. (b) Focusing efficiency of metalens with different numerial aperture. 

3. Specific Design, Fabrication and Characterization 

To validate the proposed design methodology, a HRMS operating across the visible spectrum 
from 430 nm to 650 nm was designed for an 8-mega pixel sensor. The specifications are summarized 
in Table 1. The lens provides a 35° full FOV, a focal length of 15 mm, and a F-number of 1.67. Key 
performance metrics include a polychromatic MTF exceeding 0.4 at 120 lp/mm over the entire field 
and distortion controlled below 5%. To realize a compact system, the TTL was minimized and the 
number of elements reduced without employing any aspheric surfaces.  

Table 1. Specifications for the HRMS. 

Specification parameter HRMS 

1.Spectral range（nm） 435-656 

a. Design wavelength (nm) 435, 486, 546 ,587, 656 

b. Weighting 1: 1: 1: 1: 1 

2. F number 1.67±0.1 

3. Field of view（°） ±17.5 

4. EFL (mm) 15.0±0.03 

5. MTF 120 lp/mm 

a. 0Field ≥0.4 

b. 0.7Field ≥0.4 
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c. 1Field ≥0.4 

6. F-θ distortion, nominal maximum (%) <5% 

As illustrated in Figure 4(a), the system incorporates one metalens and five spherical lenses, 
achieving a TTL of 22.4 mm. In comparison, a conventional refractive design with equivalent 
performance, requires four spherical and four aspherical glass lenses, resulting in a TTL of 31.5 mm. 
The reduction in the total track length (TTL) is primarily achieved through the unique advantages of 
metalens in off-axis aberration correction. In conventional systems, correcting off-axis aberrations 
often requires multiple aspheric elements to maintain manufacturability. Metalens, however, 
overcome this limitation by enabling arbitrary phase manipulation with subwavelength structures, 
thereby integrating the functionality of multiple aspheric surfaces into a single flat optical element. 
Consequently, the HRMS significantly shortens the TTL without compromising optical performance. 
It should be noted that if all elements in a system already employ aspheric surfaces, the potential for 
further TTL reduction using metalens becomes more limited. Figure 4(b) presents the MTF curves of 
the lens at 0°, 12.25°, and 17.5° field angles obtained through ray-tracing simulation. The MTF values 
at 120 lp/mm for the three fields are 0.67, 0.52 and 0.44 respectively, indicating sufficient image 
resolution across the FOV. It is worth noting that the system operates effectively under broadband 
visible light (430–650 nm) without significant degradation in imaging performance, demonstrating 
its robustness over a wide spectral range. As shown in the layout diagram, light rays passing through 
the metalens do not exhibit pronounced bending, implying that the optical power introduced by the 
metalens is relatively small and that its primary role lies in aberration correction. Figure 4(c) 
illustrates the variation in focal length with wavelength across the visible spectrum. The focal shift is 
less than 2µm, which indicates the achromatic performance of the system. This effect stems from the 
complementary chromatic aberration contributions between the refractive elements and the 
metalens. Furthermore, the point spread function (PSF) and back focal distance under on-axis 
illumination were simulated at different wavelengths, as summarized in Figure 4(d). It is noted that 
the PSF remains small across all wavelengths, ensuring high imaging resolution. 

 
Figure 4. Design results of the HRMS. (a) Optical layout of the HRMS of visible spectrum. (b) Simulated MTF 
for both tangential and sagittal at 0field 0.7field and 1field. (c) Effective focal length for the HRMs with different 
wavelength. (d) Simulated PSF at different wavelengths of HRMS. 

Subsequently, the designed HRMS is fabricated. Figure 5(a) shows the overall appearance of the 
metalens. The refractive lens part, consisting entirely of spherical surfaces, was manufactured using 
conventional precision grinding and polishing techniques. The metasurface is fabricated via electron-
beam lithography (EBL). Specifically, a 700-nm-thick Nb₂O₅ layer was deposited on a glass substrate 
using plasma-enhanced chemical vapor deposition (PECVD). The refractive index of the film, 
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measured by spectroscopic ellipsometry (UVISEL), is 2.32 at the central wavelength of 550 nm. The 
sample is spin-coated with ma-N2405 electron-beam resist (Micro Resist Technology). The metalens 
pattern is exposed using EBL (Raith Voyager) and developed in ma-D525. Inductively coupled 
plasma reactive ion etching (Samco RIE-230IP) was employed to transfer the pattern into the niobium 
oxide layer. Finally, the residual resist is removed via plasma etching. Figure 5(b) shows and(c) 
optical and scanning electron microscopy (SEM) images of the fabricated metasurface. Owing to the 
reasonable distribution of optical power in the design, the required group delay for chromatic 
compensation is relatively modest, which allows most nanostructures to take the form of cylindrical 
pillars. For system assembly, dedicated mechanical mounts are designed to secure each lens element, 
minimizing misalignment-induced performance degradation. Since the metalens is fabricated on a 
square substrate, it is integrated into the optical assembly using UV-curing adhesive. The fabricated 
HRMS is experimentally characterized using the setup illustrated in Figure 5(d). The FOV and MTF 
were evaluated by imaging a standard checkerboard target. As shown in Figure 5(e), the captured 
image exhibits clearly resolved grid lines across the entire field confirming a wide and effective FOV. 
Quantitative analysis of the image further indicates a diagonal FOV exceeding 35°. And it also can be 
found from the picture that the distortion of the HRMS is low. The MTF is measured using the 
slanted-edge method (SFR) at three representative field positions: on-axis, 0.7 field, and full field. The 
results are summarized in Figure 5(f). At 120 lp/mm, the measured MTF values are 0.46, 0.41, and 
0.40, respectively. Although these values are slightly lower than the design predictions, they still meet 
the specified performance requirements. The minor degradation can be attributed to fabrication 
imperfections in both the refractive lenses and the metalens, as well as alignment tolerances during 
assembly. 

  
Figure 5. Characterization and testing of the HRMS. (a) Schematic of a prototype HRMS. (b) Optical microscope 
image and (c) scanning electron microscope of the metalens in the designed HRMS. (d) Experimental platform 
for resolution test characterization. (e) Image of a checkerboard captured by the designed HRMS using halogen 
lamps for lighting. (f) Measured MTF curve at 0field 0.7field and 1field. 

To evaluate the imaging performance of the fabricated HRMS for color applications, we 
captured images of pictures projected on a screen, as shown in Figure 6(a) to 6(d). Compared to a 
monolayer achromatic metalens design, the HRMS demonstrates higher resolution and reduced 
chromatic aberration. However, a slight color shift is observed in the captured images, which mainly 
stems from the wavelength-dependent transmission efficiency of the metasurface. This issue can be 
effectively addressed through neural-network-based image enhancement algorithms. For instance, 
generative adversarial networks can be employed to further reduce chromatic aberration and 
improve image sharpness. Notably, AI-based image processing offers a promising solution to 
compensate for such optical imperfections and enhance overall image quality. Notably, AI-based 
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image processing offers a promising solution to compensate for such optical imperfections and 
enhance overall image quality [27]. Alternatively, in projection systems, a neural network can be used 
to pre-correct the input image, thereby compensating for optical imperfections and achieving 
superior imaging quality [28]. Such a combination of meta-optical design and computational imaging 
offers a powerful pathway toward high-fidelity, compact imaging systems, making the HRMS 
particularly promising for applications in wearable devices and other portable technologies. 

 
Figure 6. (a)-(d) The color images displayed on a screen captured by HRMS. 

4. Conclusion 

In summary, we have developed a versatile design methodology for broadband, high-resolution 
hybrid optical systems with wide field-of-view capabilities. The effectiveness of this approach is 
validated through the design and characterization of a high-resolution HRMS operating in the visible 
spectrum. Within a design framework combining ray tracing and full-wave simulation, we analyze 
both macroscopic requirements and microscopic characteristics of the metalens. It is shown that the 
metalens should assume low optical power and operate under small angles of incidence within the 
HRMS, while its chromatic behavior can be treated similarly to that of diffractive optical elements. 
Based on this theoretical foundation, we designed and fabricated a hybrid refractive–metasurface 
lens working in the visible band, which achieves a full-field MTF above 0.4 at 120 lp/mm. Compared 
to conventional refractive lenses, the proposed system significantly simplifies the architecture and 
reduces the TTL. The presented theory and design framework are expected to accelerate the adoption 
of HRMS in practical applications. We envision that such systems may progressively replace 
traditional multi-element refractive lenses, thereby advancing the development of compact and 
lightweight optical systems. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

HRMS Hbrid refractive-metalens system 
MTF Mdulation transfer function 
FOV Field of view 
PSF Point spread function 
EBL Electron-beam lithography 
PECVD Plasma-enhanced chemical vapor deposition 
SEM Scanning electron microscopy  
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