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spanning photography, cinematography, 
computer vision, biomedical imaging, 
microscopy, image projection, and 
beyond. Traditionally, optical zoom is real-
ized by switching between multiple lens 
groups, each with a fixed zoom (e.g., in 
most phone cameras); or using stacked 
lenses where one or more of the lens ele-
ments move along the optical axis.[1–3] 
Both approaches, however, come at the 
cost of size, weight, complexity, cost, and 
sometimes image quality. Lenses made of 
liquids or elastomers have also been intro-
duced to achieve zoom via shape deforma-
tion,[4–8] although concerns over reliability, 
controllability, optical quality, and scal-

ability still loom.
Metasurfaces, flat optical components which control phase, 

amplitude, and polarization states of light with sub-wavelength 
structures, have been gaining increasing traction.[9–19] Active 
metasurfaces, whose optical functionalities can be dynamically 
modulated, further enable tuning of metalens focal length via 
mechanisms including substrate deformation,[20–24] microelec-
tromechanical systems (MEMS) actuation,[25,26] thermo-optic 
effect,[27] polarization multiplexing,[28–31] as well as phase transi-
tion in materials.[32–34] Optical zoom, however, is a more com-
plex function that has largely remained unexplored in metasur-
face optics. While a number of “zoom metalens” designs have 
been proposed,[24,35–38] they are in fact varifocal lenses[25,27,39–53] 
whose focal plane constantly shifts as the lens configuration 
changes. A true zoom metalens must be parfocal; in other 
words, the position of its focal plane must remain stationary 
when its EFL is changed. A parfocal zoom metalens design was 
first theoretically conceptualized by Zheng et al.[54,55] However, 
the design only affords a small zoom ratio. Moreover, no par-
focal zoom metalens has been experimentally demonstrated to 
our knowledge.

In this paper, we propose a non-mechanical parfocal zoom 
metalens design offering large zoom ratios, minimal distortion, 
and aberration-free optical quality. As one specific example, the 
design can switch between 40° (the “wide-angle” mode) and 
4° (the “telephoto” mode) field-of-view (FOV) with 10× optical 
zoom. The concept is generic with respect to meta-atom design, 
which we validated through implementation of two embodi-
ments: a polarization-multiplexing zoom metalens in the vis-
ible using waveguide-type meta-atoms; and a zoom metalens 
in the mid-infrared in the form of a reconfigurable Huygens’ 
surface made of phase change materials (PCMs).

Zoom lenses with variable focal lengths and magnification ratios are essen-
tial for many optical imaging applications. Conventional zoom lenses are 
composed of multiple refractive optics, and optical zoom is attained via 
translational motion of one or more lens elements, which adds to module 
size, complexity, and cost. In this paper, a zoom lens design based on multi-
functional optical metasurfaces is presented, which achieves large step zoom 
ratios, minimal distortion, and diffraction-limited optical quality without 
requiring mechanical moving parts. Two embodiments of the concept are 
experimentally demonstrated based on polarization-multiplexing in the visible 
and phase change materials in the mid-infrared, both yielding 10× parfocal 
zoom in accordance with the design.
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1. Introduction

Zoom lenses with adjustable effective focal length (EFL) 
and magnification ratio are widely employed in applications 
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2. Zoom Metalens Design: The Concept

The zoom metalens assumes a doublet configuration as illus-
trated in Figure  1a,b. The two metasurfaces can be fabricated 
either on the opposite sides of a single substrate or on two sep-
arate substrates. Each metasurface encodes two different phase 
maps corresponding to two zoom states. In the wide-angle 

mode, the center part of the front metasurface serves as a nega-
tive lens which expands the incident light beam to a larger 
width on the back metasurface, and the back metasurface acts 
as a positive lens to form the image. The lens in this state there-
fore realizes a small EFL to accommodate a large FOV. In the 
telephoto mode, the front metasurface functions as a positive 
lens which focuses the incident light beam to a smaller area on 

Adv. Optical Mater. 2022, 2200721

Figure 1.  a,b) Schematic illustration of the doublet zoom metalens configuration in the wide-angle mode (a) and telephoto mode (b). MS-1 and MS-2 
labels the front and back metasurfaces, respectively. Note that the optical aperture sizes are different in the two imaging modes and controlled by 
the metasurfaces via reconfigurable wavefront shaping. c,d) Ray trace simulation of the optimized polarization-multiplexed zoom metalens in the 
wide-angle mode (c) and telephoto mode (d). All the units are in mm. e–g) Simulated focal spot profiles in the wide-angle mode with the AOI of 0° 
(e), 10° (f), and 20° (g) (scale bars: 2 μm). h–j) Simulated focal spot profiles in the telephoto mode with the AOI of 0° (h), 1° (i), and 2° (j) (scale 
bars: 10 μm).
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the back metasurface. The back metasurface instead becomes a 
negative lens to realize a larger EFL than the wide-angle mode 
while maintaining the same parfocal length. The zoom ratio is 
defined as the EFL of the telephoto mode divided by that of the 
wide-angle mode.

A key feature of the design that sets it apart from pre-
vious proposals is that the front metasurface not only acts as 
a tunable lens but also a variable aperture without involving 
mechanical moving parts. This is essential to achieving a large 
zoom ratio while suppressing aberrations. In the telephoto 
mode, the front aperture coincides with the metasurface area. 
The wide-angle mode, however, reduces the front aperture 
size by blocking light transmission in the outside ring. This 
can be accomplished either by imposing a phase profile with a 
large gradient to deflect and trap light via total internal reflec-
tion in the substrate (which is what we opted for in both vis-
ible and mid-IR zoom lens demonstrations), or engineering the 
meta-atoms such that they curtail optical transmission in the 
wide-angle state.

As an example to illustrate our design, here we consider 
the polarization-multiplexed zoom lens, which is designed for 
a target center wavelength of 670 nm. The lens comprises two 
1 mm thick fused-silica substrates with an air-gap of 0.36 mm 
in between. The front metasurface has a diameter of 1.6 mm, 
and the back metasurface has a diameter of 4.0 mm. The back 
focal length has a fixed value of 2.46 mm with the maximum 
image height of 0.4 mm in both modes. The total track length 
of the lens is 4.82 mm. The phase profiles of the metasurfaces 
were numerically optimized by assuming an even order poly-
nomials form
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where R  = 3 mm, r is the radial coordinate, and the Ai’s are 
the polynomial coefficients. Figure  1c,d presents ray trace 
simulation results of the optimized lens. The details of the 
optimization process and the coefficients are presented in the 
Supporting Information. The lens exhibits an EFL of 1.1 mm 
(corresponding to an f-number of 1.4 and a numerical aperture 
NA = 0.34) in the wide-angle mode and 10.8 mm (f-number 6.8 
and NA = 0.07) in the telephoto mode. Figures  1e–g and 1h–j 
show the simulated focal spot profiles of the lens, featuring 
diffraction-limited performance over the entire 40° FOV in the 
wide-angle mode and over a 3° FOV in the telephoto mode, 
with near-diffraction-limited performance as the angle-of-inci-
dence (AOI) increases to ±2° for the later case. The distortion 
is less than 5% in both modes. The lens therefore furnishes 
high imaging quality and negligible distortion in both zoom 
modes with a large zoom ratio of 10×. Further performance 
improvements can be realized by engineering angle-dependent 
response of meta-atoms or resorting to non-local metasurface 
designs.[56]

3. Polarization-Multiplexed Metasurface Design

In this embodiment, the two zoom states are associated with 
two orthogonal linear polarizations of the incident light. The 
polarization-multiplexed meta-atom structure is schematically 
depicted in Figure 2a, which assumes the form of a truncated 
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Figure 2.  Polarization-multiplexed meta-atom design. a) Schematic illustration of the meta-atom structure. b) Phase delay and c) amplitude response 
of the meta-atoms with the polarization of the incident light along the x-direction. d) Phase delay difference of the meta-atoms between the x and y 
polarization directions.
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rectangular waveguide made of amorphous Si (a-Si) sitting on 
a fused silica substrate. The meta-atoms have a unit-cell period 
of 0.3 μm with a height of 0.45 μm. The 670 nm wavelength 
incident light is linearly polarized along the x and y directions, 
parallel to the edges of the rectangular waveguide.

We simulated the meta-atom response with x-polarized 
light using the finite-difference time-domain (FDTD) method. 
Optical phase and amplitude imparted by meta-atoms with dif-
ferent lateral dimensions in the range of 90–240 nm are shown 
in Figure 2b,c. Response of the same meta-atom to y-polarized 
light can be directly inferred from the same data by swapping 
the x and y dimensions. The meta-atoms can cover the entire 
0–2π phase range for the two polarizations. Birefringence of the 
truncated waveguide with respect to the two orthogonal linear 
polarization states controls the optical phase difference in two 
states. Figure  2d plots the phase delay difference between the 
two polarizations imposed by the meta-atoms, showing that 
the relative phase delay covers the entire range of ±π, suffi-
cient to provide arbitrarily reconfigurable phase profiles for 
both polarizations.

To construct the zoom lens, we chose 16 meta-atoms (i.e., a 
2-bit design[33]) from the simulated meta-atom library to cover 
four phase levels of 0, π/2, π, and 3π/2, with each meta-atom 
providing a distinct combination of two of the four discrete 
phase values for the two polarization states. As a result, the 
phase profiles of the metasurface can be independently con-
trolled in response to the two polarizations. The selected meta-
atom structures as well as their phase and amplitude responses 
are listed in the Supporting Information. All meta-atoms have 
transmittance larger than 70%.

4. Polarization-Multiplexed Metalens Fabrication, 
Characterization, and Imaging Demonstration
The metasurfaces were defined using electron beam lithog-
raphy and plasma etching. Details of the fabrication process 
are discussed in Section 7. Figure 3a,b shows scanning electron 
microscope (SEM) images of the fabricated metasurfaces. After 

metasurface fabrication, metal apertures were patterned on the 
substrates, only exposing areas with the metasurfaces to elimi-
nate unwanted stray light transmission (Figure 3c,e).

To characterize the metalens assembled from the two pieces 
of substrate, we started with evaluating the focal spot profiles of 
the zoom lens in the two polarization states. The measurement 
setup is illustrated in Figure 4a. A 670 nm laser along with a 
collimator were both mounted on a custom-made circular track 
to adjust the AOI within the range of −20° to 20°. The focal spot 
was magnified by a pair of lenses forming a telescope assembly 
and captured by a CMOS image sensor. A polarizer was placed 
in between the laser and the zoom lens to control the polariza-
tion state of the incident light. The focal spot images and the 
normalized cross-sectional optical intensity profiles at different 
AOIs and polarization states are presented in Figure  4b–m 
alongside the focal spot profiles of an ideal, aberration-free lens 
of the same aperture size and effective f-number. The Strehl 
ratios can be inferred from the peak value of the focal spot 
profiles. The full-width-at-half-maximum (FWHM) of the focal 
spots are summarized in Table 1, showing agreement between 
the simulation and experimental results. We further quantified 
the focusing efficiency of the zoom lens, which is defined as 
the ratio of optical power at the focal spot to the total power 
incident on the lens aperture. The focusing efficiency was 
assessed using a photodetector integrated with a 100 μm diam-
eter pinhole. Our measurement indicated focusing efficiencies 
of 8% at the wide-angle mode and 14% at the telephoto mode of 
the doublet zoom lens.

We used a similar setup to characterize the imaging perfor-
mance of the zoom lens in two modes. A printed white board 
containing standard USAF resolution chart patterns and dif-
ferent sizes of “MIT” characters was placed 0.5 m away from 
the zoom lens. An LED light source with 660 nm center wave-
length and 20 nm FWHM spectral bandwidth was used to 
illuminate the object. The image was magnified using the tel-
escope assembly and captured by the image sensor. A polarizer 
is placed in front of the sensor to control the imaging mode of 
the zoom lens. The images of the object in the two polariza-
tion states are shown in Figure 5a–f, indicating excellent image 
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Figure 3.  Fabricated metalenses. a,b) SEM images and c) optical microscope (OM) image of the polarization-multiplexed metalens. d) SEM image 
and e) OM image of the phase-change metalens.
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Figure 4.  Focal spot characterization. a) Schematic illustration of the measurement setup. b–d) Focal spots at various AOIs in the 40° FOV wide-angle 
mode (scale bars: 2 μm). e–g) Normalized intensity distributions of the focal spots on the focal plane at AOIs of 0° (e), 10° (f), and 20° (g) in the wide-
angle mode. h–j) Focal spots at various AOIs in the 4° FOV telephoto mode (scale bars: 5 μm). k–m) Normalized intensity distributions of the focal 
spots on the focal plane at AOIs of 0° (k), 1° (l), and 2° (m) in the telephoto mode. The color lines are from the measurement and the black lines 
are from an ideal aberration-free lens with the same NA. Their peak intensities are normalized to have the same power within an area of a diameter 
equaling to five times the focal spot FWHM.
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quality in both states with negligible cross-talk, and a measured 
magnification ratio of 9.6×. The slight deviation from the 10× 
design target is likely due to the slight deviations of the air-gap 
thickness and image plane position from the design.

5. Phase-Change Reconfigurable Zoom Metalens

To demonstrate that our zoom metalens architecture is agnostic 
to meta-atom type, the design was also implemented with a 
PCM-based reconfigurable Huygens’ surface at 5.2 μm wave-
length capitalizing on the giant refractive index change accom-
panying amorphous-crystalline structural transformation in 
chalcogenide PCMs.[32,57–70] Figure  6a–f illustrates the design 
and modeled focal spot profiles of the lens. Similar to the 
polarization-multiplexed counterpart, the lens also comprises 
of two metasurfaces patterned on two mid-IR transparent 
CaF2 substrates separated by an air gap. The lens performance 
is summarized in Table 2. The meta-atoms were patterned in 
Ge2Sb2Se4Te[71,72] (GSST), a PCM which exhibits low optical 
losses at 5.2 μm wavelength. The metasurfaces are constructed 
from a library of pre-selected meta-atoms with “H”, “I”, and “+” 
shapes (see Supporting Information for details), which we have 
shown to support multiple electric and magnetic resonances, 
thereby providing broad optical phase coverage.[73,74] The meta-
atom designs were quantitatively evaluated using a perfor-
mance figure-of-merit (FOM) accounting for both transmission 
amplitude and phase error,[34] and optimal meta-atom geome-
tries with maximum FOM values were selected to assemble the 

metasurfaces. The final meta-atom selections are summarized 
in the Supporting Information.

Fabrication protocols of the PCM metasurfaces were elabo-
rated in Section 7 and Figure 3d,e presents top-view SEM and 
optical micrographs of the GSST metasurface. Quantitative 
analysis of the SEM images taken on the metasurface revealed 
excellent pattern fidelity of the meta-atoms, with an average 
size deviation of only 20 nm from design values. The etched 
GSST meta-atoms have almost vertical sidewall profiles with 
a sidewall angle of 86°. The as-fabricated meta-atoms reside 
in an amorphous structural state. Structural phase transi-
tion (amorphous to crystalline) was triggered by annealing 
the metasurfaces on a hot plate at 250 °C and in an inert gas 
ambient for 30 min. While here we used thermal annealing 
to demonstrate switching operation of the prototype, the 
design concept can also be adapted to reversible electrothermal 
switching using on-chip micro-heaters to enable compact 
optics integration.[70,75]

Figure  6 presents ray trace simulation results of the opti-
mized lens and the simulated focal spot profiles. The focusing 
performance of the lens was measured using a setup similar to 
that used for the visible zoom metalens. A 5.2 μm collimated 
laser beam incident at various angles, ranging from −20° to 20° 
in the amorphous state and −2° to 2° in the crystalline states, 
served as a far-field light source. Focal spot images were mag-
nified using a telescope assembly and projected onto a liquid 
nitrogen cooled InSb focal plane array. The recorded focal spots 
form a crisp image, thereby verifying the change in observed 
FOVs and the target 10× zoom (Figure 7).

Adv. Optical Mater. 2022, 2200721

Table 1.  FWHM of the focal spots of the polarization-multiplexed metalens.

Mode Wide-angle (sagittal/tangential) Telephoto (sagittal/tangential)

AOI [°] 0 10 20 0 1.0 2.0

FWHM [μm] (simulation) 1.0/1.0 1.0/1.0 1.0/1.0 4.8/4.8 4.7/4.8 3.9/9.5

FWHM [μm] (experiment) 1.1/1.1 0.8/1.0 1.0/1.1 5.3/5.3 4.9/4.9 4.5/4.9

Figure 5.  Experimental demonstration of zoom imaging. Images captured by the zoom metalens in the a,b) wide-angle mode (scale bars: 10° FOV) 
and c–f) telephoto mode (scale bars: 1° FOV).
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6. Conclusion

We proposed a non-mechanical zoom lens architecture offering 
large zoom ratios, negligible distortion, and diffraction-
limited performance. Leveraging this generic architecture, 
two zoom metalenses designs were developed and experi-
mentally realized, using polarization-multiplexed and phase-
change metasurfaces to achieve optical zoom at visible and 
mid-IR wavelengths, respectively. While both prototypes are 
monochromatic, dispersion-engineered metasurface designs 
can potentially be adopted to further empower the zoom lenses 
with multi-color or even broadband functions.[76–83] The versa-
tile, multi-functional zoom metalens platform features a com-
pact form factor, excellent image quality, and no mechanical 
moving parts, thereby foreseeing new applications in micros-
copy, optical sensing, image projection, and medical imaging.

7. Experimental Section
Polarization-Multiplexed Metalens Fabrication: A 450 nm thick 

amorphous Si film was deposited on a 0.5 mm thick fused silica wafer 
by plasma-enhanced chemical vapor deposition (STS PECVD). The 
wafer was then diced into square pieces with side length of 12.5 mm 
as metalens substrates. To fabricate the mask patterns of metalens, 
a negative tone of electron beam resist (ma-N 2402 from a mixture 
of ma-N 2401 and ma-N 2403, Micro Resist Technology) and then a 
conductive polymer (ESpacer 300Z, Showa Denko America, Inc.) were 
spin-coated on the substrates for electron beam lithography (EBL). The 
use of a conductive polymer avoids charging effects during EBL writing. 
The EBL was conducted at a voltage of 50 kV and a beam current of 
1 nA (Elionix HS50). Then, the sample was put in the developer (AZ 726 
MIF Developer) to produce the mask patterns and gently rinsed with 
deionized water. To etch amorphous Si, the dry-etching was performed by 
dual plasma sources and dual gas inlets with a mixture of SF6 and C4F8 
(SPTS Rapier DRIE). Residual electron beam resist was stripped by O2 
plasma ashing. Areas on the substrate not occupied by the metasurface 
were subsequently covered by a metal mask to prevent stray light. To 
fabricate the metal mask, a negative-tone photoresist (AZ nLOF 2035) 
was spin-coated on the metalens at 3000 rpm. The resist was soft baked 

at 115 °C for 1 min, exposed to UV light on a MLA150 Maskless Aligner, 
and then post-exposure baked at 115 °C for 1 min. The photoresist was 
developed by immersing the sample into Microposit MF-319 developer 
for 1 min and gently rinsed with deionized water. Then, a 200 nm thick Cr 
layer was deposited by electron beam evaporation at a rate of 2.0 Å s−1 in 
a Sharon electron beam evaporator. Finally, the photoresist was removed 
in solvent stripper (Remover PG, MicroChem) to pattern the metal mask 
via lift-off.

Phase-Change Metalens Fabrication: GSST films were deposited onto 
a double-side polished CaF2 (111) substrate (MTI Corp.) by single-source 
thermal evaporation in a custom-made system (PVD Products Inc.).[84] 
The substrate was held near room temperature throughout the film 
deposition process. Thickness of the film was measured with a stylus 
profilometer (Bruker DXT) to be 1.09 μm (a-state) and 1.03 μm (c-state), 
indicating 5% volumetric contraction during crystallization similar to 
other phase-change materials.[85,86] The film was patterned via EBL on an 
Elionix ELS-F125 system followed by reactive ion etching (Plasmatherm, 
Shuttlelock System VII SLR-770/734). The electron beam writing was 
carried out on an 800-nm-thick layer of ZEP520A resist, which was spin 
coated on top of the GSST film at 2000 rpm for 1 min and then baked at 
180 °C for 1 min. To avoid the difficulty of ZEP removal after the etching 
step, a thin layer (about 200 nm) of 495 PMMA A4 between GSST and 
ZEP was introduced by spin-coating the photoresist at 4000 rpm and 
then baking it at 180 °C for 1 min. Before resist coating, the GSST surface 
was mildly treated with standard oxygen plasma cleaning to improve 
resist adhesion. To prevent charging effects during the electron beam 
writing process, the resist was covered with a water-soluble conductive 
polymer (ESpacer 300Z, Showa Denko America, Inc.).[87] The EBL 
writing was performed with a voltage of 125 kV, 120 μm aperture, and 
10 nA writing current. Proximity error correction was also implemented 
with a base dose time of 0.03 μsdot−1 (which corresponds to a dosage of 
300 μ C cm−2). The exposed photoresist was developed by subsequently 
immersing the sample into water, ZED-N50 (ZEP developer), and 
isopropanol for 1 min each. Reactive ion etching was performed with 
a gas mixture of CHF3:CF4 (3:1) with respective flow rates of 45 and 
15 sccm, pressure of 10 mTorr, and RF power of 200 W. The etching rate 
was   80 nmmin−1. The etching was done in three cycles of 5 min with 
cooldown breaks of several minutes in between. After completing the 
etching step, the sample was soaked in N-methyl-2-pyrrolidone overnight 
to remove the residual ZEP resist mask. After optical characterization 
of the metalens in the amorphous (as-deposited) state, the sample was 
transitioned to the crystalline state by hot-plate annealing at 250  °C 
for 30 min. The annealing was conducted in a glovebox filled with an 

Figure 6.  a) Ray trace simulation and b,c) focal spot profiles of the phase-change reconfigurable zoom metalens in the wide-angle mode. d) Ray trace 
simulation and e,f) focal spot profiles in the telephoto mode. (All the units are in mm, the scale bars are 30 μm).

Table 2.  FWHM of the focal spots of the phase-change reconfigurable zoom metalens.

Mode Wide-angle (sagittal/tangential) Telephoto (sagittal/tangential)

AOI [°] 0 5 10 15 20 0 0.5 1.0 1.5 2.0

FWHM [μm] (simulation) 7.3/7.3 7.3/7.4 7.3/7.3 7.1/7.3 7.2/7.6 14.9/14.9 14.9/15.1 14.9/15.1 15.0/15.4 14.4/18.4

FWHM [μm] (experiment) 4.8/6.0 5.5/7.3 5.8/6.8 6.3/10.3 7.3/7.3 12.8/9.0 12.5/9.8 14.3/9.5 15.0/12.3 9.5/19.5
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ultra-high purity argon atmosphere. By using the lift-off technique 
described above, 200-nm-thick gold apertures was lithographically 
defined around the metasurfaces.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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