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Abstract: Metalenses based on dielectric nanostructures operating in the transmission
mode are of great practical significances. As large-area, multifunctional metalenses are
increasingly demanded at higher volumes nowadays, the quality and efficiency of the
nanofabrication processes for these lenses are made even more important. Yet, no fabrica-
tion is without defects or errors. By using finite-difference time-domain (FDTD) calculation
method, we study, in simulation, a set of common fabrication-induced errors such as inclined
sidewall, critical dimension (CD) bias and process defects, and analyze their influences on
the optical performances of two types of metalenses – one made of amorphous silicon and
the other of silicon nitride. The study concludes that the lens behavior generally relies on
the resonant nature of the nanostructure array. While most types of defects discussed in
this work linearly decrease the focusing efficiency, a few would also influence the quality
of the focal spot. Potential solutions to mitigate the effect of the process-induced defects
are also investigated. The study provides the particular knowledge to understand the actual
metalens performance when fabricated.

Index Terms: Flat optics, metalens, defect study.

1. Introduction
Metasurfaces are planar artificial media in which subwavelength structure replaces atom as
elemental constituent to control the overall electromagnetic properties of the surface [1]. As
metasurface significantly releases the dependence on wave propagation by introducing phase
discontinuities within a thin metasurface layer, it enables the realization of optical devices including
lenses [2]–[5], polarization controllers [6]–[11], beam deflectors [12]–[15], spectrum filters [16]–[19],
and holograms [20]–[22]. Metalens reduces the bulky size of conventional glass lens while offering
similar or better performances in terms of diffraction-limited focusing [23] and simultaneous control
of multiple properties such as the phase, amplitude and polarization [24]. Although plasmonic
resonances of noble metals enable superior electromagnetic properties, intrinsic material loss
makes it a poor candidate for transmissive metasurface devices. Hence, metasurfaces made of
dielectric constituents that are mass-producible by photolithography [25]–[30] or nanoimprinting
technologies [31]–[33] are of more practical importance.
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While metallic metalens mainly makes use of shape-dependent scattering to tune the plasmonic
resonance [34], dielectric metalens relies on an additional dimensionality in the wave propagation.
In this case, the device thickness is no longer on the level of a ‘thin film’ and the quality of
fabrication processes exerts paramount influence on the lens performance. Up till now, there has
been little discussion about process-induced errors/defects in the dielectric metalens research
community [35]. Although there are investigations on some topological defects in metasurface [36],
discussions of programmable metasurfaces’ fault tolerance [37] and the impact of the refractive
index of the meta-element on the metalens performance [38], these studies do not cover the
process-induced defects or faults coming from the fabrication of the lenses. In this work, we present
a complete study on inclined sidewall, critical dimension (CD) bias and process defects induced by
the standard complementary metal-oxide-semiconductor (CMOS) fabrication process for dielectric
focusing metalenses operating in transmission mode. We investigate two types of materials used
for the metalens – amorphous silicon (a-Si) that generally operates in the infrared and silicon nitride
(SiN) that is generally fit to operate in the visible band. Both materials are compatible with CMOS
processes and have been widely used to make optics and photonics devices [38]–[46].

Dielectric metalens made of nanopillars are superior in that the nanopillar provides complete
control over phase, amplitude and polarization while the geometry facilitates simple design and fab-
rication [24]. In this work, we analyze the effects of process-induced errors on metalens formed by
arrays of nanopillars with uniform height and variant diameters. The most common process-induced
error in such metalens structure is the deviation in sidewall angle. Either intentionally inflicted to
generate varied resonances [47] or as an inevitable result of different etching conditions/limitations
[48]–[50], slanted sidewalls always bring losses and phase errors. On the other hand, CD bias
is common in most nanofabrication techniques, giving rise to drifted dimensions and shapes
[24]. Another process-induced error that is rarely reported in the literatures is on the random
topological defects (also known as process defects), i.e., randomly missing or misshaped elements
from the device surface due to over-etching or contamination of unexpected particles. Other
process-induced errors in fabrication of dielectric metalenses include film thickness non-uniformity,
clustered topological defects, circular shape deformation and, unexpected scattering centers. By
using the state-of-the-art fabrication facility, these errors can be well controlled and will not affect
the lens performance significantly, so they are not investigated in this work. Additionally, since the
sidewall roughness only influences the loss aspect of optical devices, it is not considered here
despite its common presence.

We use three-dimensional finite-difference time-domain (FDTD) method (Lumerical FDTD Solu-
tion) to calculate the phase and transmission of nanopillars as well as the focusing performance of
metalenses made thereof. Fig. 1(a) shows the modeling arrangement of a metalens consisted
of a designed array of a-Si nanopillars with 400 nm height and variant diameters (100 nm to
310 nm). The nanopillars stand on a silica glass substrate while incident plane wave injects light
from the substrate onto the lens above. The fields are monitored both in the wave propagation (xz
plane) and focal-plane (xy plane) perspective. Note that the lens structure fills up a square area
to match with the input plane wave which also has a square cross section. Although in reality,
the incidence is a circular spot with Gaussian distribution, the input wave can be approximated as
such when the simulation window is comparatively small, and the pillars should fill the voids at four
corners to avoid boundary aberrations. Fig. 1(b) shows the planar arrangement of the pillars. The
metalens is designed based on a fixed-gap principle, where the edge-to-edge distance between
two neighboring pillars along the x-axis is kept the same. As shown in Fig. 1(c), the fixed-gap design
maintains a fixed gap distance between pillar A and B, B and C. The other pillars are repeated ring
after ring along the x-axis – by making exact copies of the pillars on the x-axis while maintaining
the same gap between neighboring elements along the ring circumference. The repeating rings
are indicated in Fig. 1(c) by dashed guidelines. The gap size designed in this way is not exactly the
same for all pairs of neighboring pillars. For example, the edge-to-edge distance between pillar D
and E depends on whether the circumference of the ring can fit an integer number of pillars with the
specified gap size. If not, the gap distance is an approximated one. And the gap between pillar F
and B is clearly not the same as that between F and C. However, the current approximation should
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Fig. 1. (a) Schematic of an a-Si metalens structure studied in FDTD modeling, where the incident
plane wave is indicated by the white outlined square and the electric fields are monitored in the planes
indicated by yellow outlines; (b) Arrangement of a-Si nanopillars seen in xy-plane view; and (c) Detailed
schematic of arrangement of the metalens pillars following the fixed-gap design rule.

be close enough to simulate the focusing performance of the ideal case (where the gap between
any neighboring pillar is the specified gap size). The phase gradient is designed along the x-axis by
choosing pillar with a designed phase response at a particular x position. As the height is fixed for
all pillars and the pillar shape is polarization independent, the phase variance only comes from the
diameter variance. This phase response is calculated beforehand from individual nanopillars with
periodic boundary conditions and then complied as a structural library to be used for lens design.

2. Defect Analysis
2.1 a-Si Metalens

When the device thickness is several hundred nanometers or larger, the most common and
influential defect is the slanted sidewall, i.e., a sidewall angle (SA) that is not 90o. As shown by
the side views of individual nanopillar in Figs. 2(a) and 2(b), non-ideal etching process gives rise to
inclined sidewalls, where the SA is smaller than 90o. In this work, only SAs equal to or smaller than
90o are considered. Additionally, most of the nanopillars end up with the same SA regardless of
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Fig. 2. Schematics depicting the side view of (a) an ideal a-Si nanopillar on silica substrate; (b) an a-Si
nanopillar with slanted sidewall where the SA is not 90o; and (c) nanopillar array performances in terms
of phase and normalized transmission response for a range of pillar diameters and several SAs. Pillar
height is 400 nm, fixed gap size is 200 nm and wavelength is 940 nm.

the individual dimensions, so the defect study applies uniform SA on the nanopillar arrays. Both the
a-Si nanopillar arrays and the designed metalens are studied for a single wavelength of 940 nm.
The a-Si metalens is designed with a fixed pillar gap of 200 nm, fixed height of 400 nm and diameter
varying from 100 to 310 nm. To design the phase profile for the metalens, the phase and power
transmission responses of different nanopillars are studied with periodic boundary condition. As
shown in Fig. 2(c), all phase and transmission spectra exhibit a resonance that is characterized
by a phase and a transmission dip at a certain pillar diameter. As the SA deviates from the right
angle, the resonance blue shifts, bringing the loss dip closer to the central range of the pillar library.
Consequently, in order to cover a full 2π phase gradient, the metalens would have to pick a lot of
the elements that have relatively low power transmission.

As shown in Fig. 3(a), the a-Si metalens spans 20μm in both x and y direction, while the focal
length is set as 9.6 μm (measured from the top edge of the metalens). SA defect generates phase
error and power drop that impair the lens performances. The lens performance is characterized by
four parameters in this study: the accuracy of focal length, width of the focusing spot [full width at
half maximum (FWHM)]. Strehl ratio, and focusing efficiency. Here, the focusing efficiency is defined
as the fraction of incident light that passes through a circular aperture in the focal plane with a diam-
eter equal to six times of the FWHM of the focusing spot [51]. The Strehl ratio takes a value between
0 and 1. An ideal lens with diffraction limited focal spot and intensity distribution of Airy disk has a
Strehl ratio of 1. For a non-ideal lens, the Strehl ratio is calculated as Ibeam/Imax where the intensity
values are characterized in Fig. 3(b): Ibeam is the peak intensity of the measured data and Imax is the
peak intensity of the ideal field distribution. In particular, the measured beam intensity distribution
along x-axis (taken from the horizontal cut in the focal plane) is normalized so that it has the same
area under the curve as an ideal Airy function [35]. At no sidewall inclination, the metalens designed
here has comparable performance with a similar design that is experimentally demonstrated in
Ref. [52]. As shown by the results of Fig. 3(c), when SA deviates from 90o, both focal length and
FWHM increase. This is because more slanted sidewall induces larger phase errors, resulting
in reduced light-bending ability. The Strehl ratio decreases with the SA, suggesting a decayed
focusing quality. Focusing efficiency drops from around 49% to 13% when SA changes from 90o to
80o. The drop is almost linear – at a rate of 3.6% per degree of angle.

It is common for nanofabrication processes to generate CD bias, such as the case shown in
Figs. 4(a) and 4(b), where the actual diameter of a nanopillar differs from the designed diameter
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Fig. 3. (a) Schematic illustration depicting the side view of a plane wave incident on a nanopillar array
where the nanopillar sidewalls are moderately slanted; (b) Electric field plot at the focal plane in x-axis
overlaid with the ideal Airy function plot; and (c) when subject to different SAs, the lens performance
in terms of focal length, FWHM of the focal spot (in xy plane), Strehl ratio and focusing efficiency for
the designed a-Si metalens where, pillar height is 400 nm, fixed gap size is 200 nm and wavelength is
940 nm.

Fig. 4. Schematic illustration of (a) an ideal nanopillar on silica substrate; (b) a nanopillar with an
increased diameter (by �D); and (c) when subject to different diameter variations, the lens performance
in terms of focal length, FWHM of the focal spot (in xy plane), Strehl ratio and focusing efficiency for
the designed a-Si metalens where, pillar height is 400 nm, fixed gap size is 200 nm and wavelength is
940 nm.

by �D. For a nanopillar array with fixed height, the phase response is mainly determined by the
pillar diameter. According to Fig. 2(c), the phase evolution with respect to the pillar diameter is
almost linear. It is then natural to expect a negligible change in the lens’ phase distribution when
all pillars are imposed with the same CD bias, as the relative phase differences among pillars
remain unchanged. It explains the reason for the fact that the focal length, FWHM and Strehl ratio
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Fig. 5. (a) In-house FICD measurement data for an a-Si pillar array; simulated electric field amplitude
distributions for metalens consisted of (b) ideal sized pillars, field in the xy focal plane; (c) ideal sized
pillars, field in the xz propagation plane; (d) pillars applied with FICD, field in the xy focal plane; and
(e) pillars applied with FICD, field in the xz propagation plane. All color-bars have the same scale.

are maintained relatively the same across the diameter variation in Fig. 3(c). As the phase profile
is maintained, those performances that are determined by the geometric arrangement of pillar
elements are not perturbed much. On the other hand, since the power transmission does not follow
a linear relationship with the pillar diameter, as shown in Fig. 2(c), the focusing efficiency is affected
by CD bias, as shown in Fig. 4(c).

More often than not, CD bias is not the same for all pillar dimensions, i.e., there is a different
�D for different pillar diameter. A series of final inspect critical dimension (FICD) is measured in-
house for an a-Si nanopillar array, as shown in Fig. 5(a). Plugging the FICD data into the designed
metalens, lens performance drops instantly. The focal length increases from 9.67µm (no CD bias)
to 9.76 µm when FICD is applied, resulting in a slightly decreased numerical aperture (from 0.72 to
0.71). The beam waist increases from 695 nm to 718 nm, confirming the decreased focusing power.
The Strehl ratio decreases from 0.98 to 0.975 – a negligible change as compared with all the other
performance variation. Most prominently, the focusing efficiency experiences a drastic decrease
from 49% to 41% when the CD bias is applied. To illustrate the differences in focusing patterns,
electric field amplitude distributions for the two scenarios are plotted in Fig. 5(b–e). Comparing the
field distributions in the xy focal plane of Figs. 5(b) and 5(d), it is observed that while the peak
intensity of the focal spot clearly drops, the beam quality only alters slightly when the FICD is
applied. Comparing electric field distributions in the xz propagation plane shown in Figs. 5(c) and
5(e), it is observed that while metalens of ideal pillar sizes bend all light paths to the same spot, the
focal spot of the lens with FICD loses a fair amount of power to anomalously bent light rays. Hence,
we can conclude that when the dimension drifts of the nanopillars are nonlinear but are still small
(�Dmax<20 nm), the most prominent performance drop is on the power transmission efficiency.

2.2 SiN Metalens

The silicon nitride metalens discussed here is designed to focus light at a wavelength of 546 nm.
The lens span is 10 µm in both x and y direction, the focal length is set as 9 µm and, the substrate
is also made of silica. As SiN has smaller refractive index than a-Si, a larger height is needed to
achieve 2π coverage. It is found that a minimum height of 1 µm is needed to achieve this purpose.
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Fig. 6. Schematics depicting the side view of (a) a pair of ideal SiN nanopillars on silica sub-
strate; (b) a pair of nanopillars both characterized with a close-to-90o SA; (c) a pair of nanopil-
lars both characterized with a large inclination on the sidewall so that the pillar bottoms adjoin;
(d) nanopillar array performances in terms of phase and normalized transmission for a range of
pillar diameters and selected SAs; electric field amplitude distributions from left to right are displayed
respectively for resonances of SA = 87o D = 230 nm, SA = 85o D = 260 nm, SA = 85o D = 280 nm
and SA = 90o D = 280 nm, dotted outlines represent the boundaries of the nanopillars, color-bars are
normalized to respective cases. Pillar height is 1µm, fixed gap size is 90nm and wavelength is 546 nm.

In this case, the gap between neighboring pillars must be kept small in order to maintain high
power transmission for the range of pillars considered. Here, the gap size is kept at 90 nm. With
the state-of-the-art fabrication techniques, it is generally possible to fabricate sub-100 nm features
and gap sizes with good accuracy.

Similar to Fig. 2(c) for the a-Si nanopillar arrays, SiN arrays also exhibit a resonance that is
mostly characterized by a simultaneous phase discontinuity and a transmission power drop. The
resonance blue shifts as the SA turns from 90o to 87o. When SA is 85o, two resonances appear
and both resonances experience redshift relative to the case of 87o. This is because as the sidewall
becomes more inclined, the bases of neighboring pillars begin to adjoin and form new resonance
cavities from there. When SA is ideal and the nanopillars are separated from each other as shown
in Fig. 6(a), the mode is well confined to the individual nanopillar with only one order of resonance
across the x-axis [right most field amplitude distribution in Fig. 6(d)]. Since refractive index of SiN
is much smaller than that of the a-Si, the Fabry-Perot cavity thus constructed between the top and
bottom interfaces of the nanopillar does not provide strong resonances as the a-Si. Hence, the
phase- as well as power-drops observed in Fig. 6(d) that correspond to the resonances are not
as prominent as those shown in Fig. 2(c). As SA decreases a little bit and the bottom interfaces
are about to connect as shown in Fig. 6(b), the mode distributions are still similar to the case of
SA = 90o. For a pillar height of 1µm, the pillar bases begin to touch at a SA of around 87.5o.
Calculations yield that a SA of 86.5° contains exactly one wavelength within the height of the
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Fig. 7. Lens performances when the SiN metalens is subject to a series of SAs for the case where
(a) there is no CD bias; (b) the same FICD bias of Fig. 5(a) is applied.

overlapping area. Yet, as the left most electric field distribution in Fig. 6(d) shows, a very strong first
order (counted along the z-axis) resonance is already observed for SA = 87o and D = 230 nm. The
resonance happens at larger SA because high-index bulk media (i.e., the pillars) are present in the
surroundings of the new cavity, effectively releasing the resonance dependence on the height of the
overlapped region. As the sidewall further inclines, the scenario depicted in Fig. 6(c) starts to show.
Smaller SAs give rise to even more complex resonances. Phase and transmission response of SA
= 85o in Fig. 6(d) reveals two resonances at pillar diameter of 260 nm and 280 nm respectively. The
two electric field amplitude patterns that correspond to the two resonances show that both modes
bear high-order resonances along the z-axis within their overlapping regions. Particularly, the mode
at D = 280 nm even counts a third order resonance along the x-axis within the non-overlapping
region. For even smaller SAs, high-order resonances generated this way are all present, but are
not plotted here for the sake of conciseness. Based on the phase and power transmission data of
the individual pillar arrays at right angle SA, SiN metalens chooses its constituent element from a
diameter range of 100 nm to 290 nm, where the phase covers almost 2π range without significant
drop in power transmission.

In light of the complex resonant behavior of SiN pillar arrays where the gap size is small, SiN
metalens behaves a bit differently from the a-Si lens when subject to process-induced defects.
As shown in Fig. 7(a), except for FWHM, all performance parameters degrade significantly as the
SA deviates from 90o to 82.5o. When there is no CD bias, as shown in Fig. 7(a), focal length
increases from 8.95µm to 9.82µm, Strehl ratio degrades from 1 to 0.89 and focusing efficiency
drops from 66% to 18%. A closer examination of the gradients of the curves reveals that all
three abovementioned parameters change more slowly for SA > 87.5o (data point between SA
= 88.5o and 87o) than for smaller SAs. Below an inclination of 87.5o, the pillar bottoms start to
adjoin and complex resonances are present in the lens structure. For the range of SAs between
87.5o and 84.5o, a larger inclination entails larger overlapping area among the pillar bottoms,
generating more complex resonances and much faster performance drops. When the inclination
goes below 84.5o, drop in the performance parameters slows down again, suggesting that the
pillars are now so connected that the lens starts to resemble a connected layer.

Fig. 7(b) summarizes the effect of SA on the SiN lens when FICD bias of Fig. 5(a) is applied.
When the sidewall inclination is small (SA = 90o, 88.5o), there is only significant drop in focusing
efficiency, while focal length, FWHM and Strehl ratio remain almost unchanged as compared to the
case of no CD bias. The performances for the FICD metalens essentially drop faster after 87.5o,
until SA reaches 84o when all performance parameters more or less level up with those of the ideal
size case. So a close-to-upright sidewall is able to guarantee almost the same focusing quality with
the metalens of ideal pillar sizes – the FICD bias takes no significant effects other than introducing
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Fig. 8. Lens performances when the SiN metalens is subject to a series of random topological defects.
Inset: Scanning electron microscopy image of several collapsed nanopillars due to over-etch, with pillar
height of 130 nm.

some power losses; further inclined sidewalls start to touch each other at the bottoms and result
in deterioration in all aspects of performances; when the sidewalls are so inclined that they almost
connect to make a continuous thin film, CD bias does not make a significant difference on any of
the parameters.

Over-etching is a common problem for fabrication of features with high aspect ratios. When a
pillar is over-etched, its bottom becomes too thin to stand due to etching undercut. Some would
tip over and lie flat on the substrate, creating a missing spot (inset of Fig. 8); some would tilt and
rest on a neighboring pillar, creating a missing spot and a contamination spot. Additionally, foreign
contamination particles might as well block the pillars, resulting in a contaminated spot. All of the
abovementioned scenarios result in defects randomly distributed across the metasurface. Due to
the random occurrence, we denote such defect the random topological defect. Fig. 8 shows the
results of topological defects in the SiN metalens described above. The defects are modeled as
randomly missing pillars that are taken out from the lens. Since the missing pillars are implemented
one by one, the defects are not clustered, but rather scattered across the surface. Here, no SA
defects or CD bias is applied, only the percentage of random defects is varied. From the results
shown in Fig. 8, we find that the topological defects do not affect the focal length, FWHM or Strehl
ratio significantly but decreases the focusing efficiency linearly as percentage of random defects
increases. The focusing efficiency drops at a rate of 4.8% for every 5% increase in the random
defects.

Although the random missing pillars do not alter the magnitude of Strehl ratio, it might shift the
location of the focusing spot away from the center of the focal plane. Figs. 9(a) and 9(b) plot the
electric field intensity distributions along x-axis (taken from the horizontal cut in the focal plane)
for 5% and 20% random defects respectively. The xy view of the metalens arrangement as well
as two-dimensional electric field distribution in the xz-plane are both inserted as insets for the
two cases. Comparing the focal spot pattern in the xz-plane, it is found that the higher defect rate
results in more anomalously directed light rays. Comparison with the ideal Airy function plot reveals
that while the field is perfectly centered at x = 0 for 5% defect, it is slightly left-shifted when the
defect rate is 20%. More simulations are run for the same defect rate with the defect locations
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Fig. 9. Simulated field intensity distributions along x-axis in the focal plane overlaid with the ideal Airy
function when the SiN metalens is subject to (a) 5% random defects; (b) 20% random defects. Electric
field amplitude distributions in the xz propagation plane as well as lens element arrangement in the
xy plane are both shown as insets for the respective cases. (c) Histogram of number of metalenses
that result in off-centered focuses due to random topological defects. The total number of metalenses
simulated for each defect percentage is 20.

randomly generated for each simulation, and the results of Fig. 9(b) are not always repeated,
i.e., the spot is sometimes shifted off-center and sometimes perfectly centered. When defect rate
further increases, similar behavior happens, with the spot sometimes centered and sometimes
off-centered. A histogram of the number of metalenses that result in off-centered focuses as a
result of certain random defect rate is shown in Fig. 9(c). A total number of 20 metalenses is
simulated for each defect rate and a shift of at least 20 nm for the peak intensity is considered
as off-center focus. The off-centered focal spot should be contributed by the geometric asymmetry
introduced by the randomly generated defect locations. Simulation is then repeated for lower defect
rate where it is found that for the current SiN metalens, a defect rate of 7.5% seems to guarantee
an always-centered focal spot. It can be concluded that topological random defects generally only
reduces the focusing efficiency, while bearing a possibility of shifting the focus off-center under high
defect rates.

3. Potential Solutions
In the event of an inevitable process-induced errors, the metalens performance is expected to
recover at least in part by certain design countermeasures. Using the a-Si metalens as an example,
this section discusses the possible solutions to sidewall angle error and critical dimension bias. For
the a-Si metalens with no sidewall inclination or CD bias, the intended Strehl ratio is 0.98 and the
focusing efficiency is 48.6%.
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Fig. 10. Lens performances when the a-Si metalens is subject to (a) 5o SA and the gap size varies;
(b) 5o SA and the pillar height varies; and (c) uniform CD bias of 20 nm and gap size varies; uniform
CD bias of 20 nm and pillar height varies. Insets: (a) top view of two neighboring pillars with 5o SA; (b)
side view of one pillar with 5o SA; (c) top view of two neighboring pillars as CD bias of �D is applied
on both; (d) side view of one pillar as CD bias of �D is applied.

According to the results of Fig. 2(c) and Fig. 6(d), the phase and power transmission of pillar
arrays change almost monotonically with the SA. So only one SA value is chosen to demonstrate
the performance of the metalenses where recovery measures are implemented. In the above two
figures, it is observed that a larger SA error results in smaller slope in the phase curve. The
countermeasures therefore need to pull up the curve with a larger slope in order to offset the
phase errors made by SA. This purpose can be fulfilled by altering either the gap size or height of
the pillar array. Fig. 10(a) and 10(b) show the Strehl ratio and focusing efficiency as the gap size
and pillar height are varied respectively. In these simulations, the SA is fixed at 5o. From Fig. 2(c)
the metalens with 5o SA has a Strehl ratio of 0.95 and a focusing efficiency of 26%. By varying the
gap size, the focusing efficiency of the metalens is able to increase to a maximum of 41% when
gap is 140 nm. However, the Strehl ratio is decreased to 0.935 at this point. The focusing efficiency
increases when the pillar height slightly decreases from 400 nm – peaking at 33% for 380 nm.
In Fig. 10(b), although the Strehl ratio is not yet decreased for the 380-nm-height, a decreasing
tendency is observed from the data corresponding to heights smaller than 400 nm.

Measurements of Fig. 5(a) assert the fact that the CD bias is generally positive and smaller
than 20 nm for the range of pillar diameters considered in the current metalens design. Hence,
the defect solutions applying on the worst case scenario of 20 nm uniform �D is investigated
here. From Fig. 4(c), the Strehl ratio and focusing efficiency of the metalens before any recovery
implementation are 0.975 and 38% respectively. In Fig. 10(c), it is observed that gap size variation
places the focusing efficiency at a peak of 53% when the gap is 140 nm. Yet, it also places the
Strehl ratio at a minimum of 0.97. Results of Fig. 10(d) reveal the fact that height variation does
not do much to improve the lens performance, with almost no increment in either Strehl ratio or
focusing efficiency even at its best performance.

Summarizing the results of Fig. 10, decreasing the gap size is generally a better solution than
varying the pillar height if high focusing efficiency is desired. This is because a decreased gap
better offsets the phase errors across the range of diameters in the feature library while altering
the pillar height inadvertently generates resonances that are detrimental to both phase profile and
power efficiency. Since a pillar array of fixed specifications comes with a fixed combination of phase
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and power response, the decreased gap still produces an error in the phase profile. Hence, the
high efficiency region is accompanied by slightly smaller Strehl ratios in Fig. 10(a) and 10(c). On
the other hand, there are instances where altering the gap size is practically more challenging than
changing the pillar height. For example, small gap sizes are generally more difficult to achieve.
Hence, the actual solution not only needs to weigh the desirability and tradeoff among different
functions, but also has to take into account of the fabrication capability.

4. Conclusion
In summary, three major types of process-induced errors are investigated for an a-Si metalens
and a SiN metalens. The most common defect is the inclined sidewall. It is found that SA other
than 90o linearly decreases the focusing efficiency for both lenses. The SA error affects the beam
quality by linearly increasing the focal length, close-to-linearly decreasing the Strehl ratio, and
slightly increasing the beam waist. When sidewall is so slanted that the bottoms of neighboring
nanostructure adjoin with each other, complex resonances occur and they impose detrimental
effects on both the lens efficiency and beam quality. As the SA drops to a very small value,
all performances are poor but do not turn worse significantly since the lens starts to bear some
similarity with a connected film. For nanostructures made of high-refractive index material – such
as a-Si (n = 3.8 @ 940 nm) – the lens performance is sensitive to a wide range of SAs. In contrast,
lens made of lower-index nanostructures such as SiN (n = 2 @ 546 nm) maintains relatively stable
performance up to an angle error of 3o. Particularly, the SiN lens is designed with a very small
gap (90 nm) which limits the range of SAs that keep the nanostructures from joining; otherwise the
angle tolerance should be larger than 3o. The reason for such different behaviors between the a-Si
and SiN lenses is due to the fact that a-Si nanopillars have much stronger optical resonances which
result in larger phase inaccuracy and power drop. So the design of the lens constituent should try
to avoid any strong resonances. This can be achieved by either considering a tradeoff on the 2π

phase coverage during the lens design or increasing the gap size to make lens less susceptible to
geometry errors.

The second major defect considers CD bias. Either uniformly applied or varying with different
dimensions, the CD bias mostly brings about power losses. When not coupled with other process-
induced defects, the CD errors usually have little influences on the beam quality (focal length,
FWHM and Strehl ratio). This is because a small CD variation only changes slightly the relative
phases between structural elements, and hence there is little effect on the overall phase profile of
the lens.

The third type of process-induced defects studied is the random elements missing in the
fabrication process. The defect is quantified by the percentage of missing pillars across the lens. It
is observed that such defect rarely alters the beam quality, but it decreases the focusing efficiency
linearly. Although distributed randomly, some topological profiles would result in off-centered focal
spot. Shifting of the focus peak is not observed when the defect rate is lower than 7.5%.

Countermeasures to offset the effects of SA and CD bias are also investigated. It is found that
decreasing the gap size yields good improvement on the focusing efficiency and slight deterioration
in Strehl ratio. While altering the pillar height results in moderate increment of power efficiency when
there is a SA error, it is not able to produce a comparable improvement when CD bias is present.
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