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ABSTRACT: Phase-gradient metasurfaces have the potential to
revolutionize photonics by oﬀering ultrathin alternatives to a wide
range of common optical elements, including bulky refractive
optics, waveplates, and axicons. However, the fabrication of stateof-the-art metasurfaces typically involves several expensive, timeconsuming, and potentially hazardous processing steps. To address
this limitation, a facile methodology to construct phase-gradient
metasurfaces from an exposed standard electron beam resist is
developed. The method dramatically cuts the required processing
time and cost as well as reduces safety hazards. The advantages of
the method are demonstrated by constructing high-performance ﬂat optics based on the Pancharatnam-Berry phase gradient concept
for the entire visible wavelength range. Manufactured devices include macroscopic (1 cm diameter) positive lenses, gratings
exhibiting anomalous reﬂection, and cylindrical metalenses on ﬂexible plastic substrates.
KEYWORDS: ﬂat optics, phase gradient metasurfaces, metalenses, nanofabrication, ﬂexible optics
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required fabrication to a single lithography step and removes any
subsequent need for material deposition, lift-oﬀ, or etching.
Polymers have been used as building blocks for traditional
diﬀractive optics elements30−32 but so far not explored in the
context of phase gradient metasurfaces. By correct optimization,
we realized a variety of polymer metasurfaces, including
macroscopic ﬂat optics and ﬂexible elements, with eﬃciencies
above 50% across the visible spectrum, in a fraction of the time
needed when using established manufacturing methods. The
methodology is readily adaptable to deep UV-lithography, thus,
paving the way for mass production of ﬂat consumer optics.

hase-gradient metasurfaces allow the phase proﬁle of a
transmitted or reﬂected light wave to be arbitrarily
controlled by engineering the properties and spatial arrangement of the constituent subwavelength elements, the “metaatoms”.1,2 This concept has enabled the realization of ﬂat
counterparts to most common optical elements, including
lenses,3−11 holograms,12−14 beamsplitters,15,16 curved mirrors,17
and retroreﬂectors,18 in some cases even outperforming their
bulk counterparts by some ﬁgures of merit. As the ﬁeld has
matured, researchers have also turned to designing more exotic
metasurfaces capable of performing tasks usually requiring an
entire optical setup, such as optical tweezers,19,20 planar
cameras,21 light-ﬁeld imaging systems,22 color routing,23
spectrometers,24 dynamic optical elements,25−27 and superresolution imaging components.28,29
Metasurfaces are thus improving at an impressive pace;
however, contemporary systems still have shortcomings that
need to be overcome for ﬂat optical components to reach their
full potential. Most importantly, state-of-the-art metasurfaces
are currently fabricated by highly demanding procedures that
typically involve deposition of a transparent dielectric, such as
TiO2,6,9 GaN,7 Si3N4,11 or Si (in the NIR range),8,15 followed by
lithographic patterning, additional depositions, etching, and so
on. A cost-eﬀective alternative material platform and fabrication
method that is accessible, scalable, and based on only nontoxic
disposable materials could dramatically accelerate the impact of
metasurface ﬂat optics across society.
Here, we propose and demonstrate such a system based on
the use of a standard negative resist that is hardened through
electron beam exposure and that, if properly patterned, can form
the metasurface itself (Figure 1). This eﬀectively reduces the
© 2020 American Chemical Society

■

OPTIMIZATION OF NANOFIN DIMENSIONS
We choose an oﬀ-the-shelf negative electron beam lithography
(EBL) resist (ma-N 2410, Micro Resist Technology GmbH),
with comparatively high refractive index and low absorption, as
our material system (Figure S1). The resist is spin-coated to the
desired thickness on an arbitrary substrate and then patterned in
a single EBL exposure, yielding high aspect ratio nanoﬁns
suitable as Pancharatnam-Berry (PB) metasurface building
blocks. This approach utilizes that an individual nanoﬁn can
function as a subwavelength half-wave plate due to its shape
birefringence. Thus, an incident circularly polarized wave can be
Received: December 22, 2019
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Figure 1. Metasurfaces can be made by an exposed negative electron beam resist as the sole constituent material. The method involves spin coating of a
standard electron beam resist, prebaking, e-beam exposure, and development. This protocol eliminates any need for additional material deposition, liftoﬀ, or etching. A macroscopic metasurface ﬂat lens can be made from start to ﬁnish within a few hours, signiﬁcantly faster than any existing EBL-based
method.

Figure 2. Birefringent nanoﬁns made of the exposed resist can be used to realize eﬃcient metasurfaces. (a) Tilted and top view SEM images of the resist
metasurfaces. The frame colors of the lower images correspond to the metasurfaces measured in (c). (b) Simulated and (c) experimental polarization
conversion eﬃciency spectra for metasurfaces optimized for blue, green, and red light. The nanoﬁns are oriented at 45° from the axes of a square lattice
with periodicity D, indicated by the vertical lines.

ﬂipped to the opposite handedness. By varying the rotation
angle θrot of each nanoﬁn across a lattice, it is possible to impose
a spatially varying phase proﬁle φ(r) = 2θrot(r) to the crosspolarized transmitted or reﬂected waves.4,33−37 Given that the
lattice constant is small compared to the selected operation
wavelength and that the polarization conversion eﬃciency is
high, this means that the metasurface in principle can be
designed to impart any arbitrary phase proﬁle simply by
selecting the orientation of each subwavelength element. The
PB phase concept has proven to be extremely powerful for
designing a wide range of broadband phase-gradient metasurfaces and ﬂat optical components.6−8
To obtain optimized design parameters for metasurfaces
working in the visible wavelength range, we ﬁrst performed ﬁnite
diﬀerence time-domain (FDTD) simulations using in-plane
periodic boundary conditions. We analyzed the polarization
conversion eﬃciency for nanoﬁns on glass in air as a function of
in-plane dimensions (length L, width W), height H, and lattice
constant D. Initial simulation results indicate that the polarization conversion eﬃciency scales almost linearly with nanoﬁn
height for given in-plane dimensions (Figure S2). Hence, care
should be taken to maximize this value experimentally. Using
standard process parameters, it is possible to obtain nanoﬁns
with an out-of-plane aspect ratio (H/W) of around 10.
Unfortunately, for higher aspect ratios, water rinsing and
subsequent nitrogen drying after development cause the
nanoﬁns to collapse due to surface tension forces (Figure S3).

However, this well-known issue can be circumvented by using
so-called critical point drying with surfactant-modiﬁed hexane as
the intermediary liquid (see Methods for details).38−40 This
methodology allowed us to routinely fabricate nanoﬁns with
aspect ratios approaching 20 (Figure 2a).
The simulations allow us to optimize three nanoﬁn
dimensions for operation in the blue, green, and red wavelength
ranges. The simulated eﬃciency spectra (Figure 2b) peak above
50% for speciﬁc wavelengths and dimensions are in excellent
overall agreement with the experimental results (Figure 2c, see
Figure S4 for experimental setup and details). Both experiments
and theory indicate a broad range of operation around the
chosen design wavelengths, although lattice modes, caused by
diﬀractive coupling within the nanoﬁn layer, induce rather sharp
spectral ﬂuctuations in eﬃciency. Nevertheless, the simulations
show almost constant transmission eﬃciency versus nanoﬁn
orientation and homogeneous phase coverage (Figure S5) and
the measured transmission coeﬃcients at the respective design
wavelengths are almost independent of metasurface orientation
(Figure S6). Calculations of near-ﬁeld intensity distributions
along the two in-plane principal axes verify that the nanoﬁns
support waveguiding modes (Figure S7). Such modes are known
to contribute to phase accumulation in PB metasurfaces10 and
they are fundamental also to polarization-independent uniform
waveguiding metasurfaces.41,42
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Figure 3. Transmissive resist metalenses for focusing and imaging. (a) Tilted and top view SEM images of metalens sections. (b) Focal spots produced
by three lenses with f = 100 μm and NA = 0.65 designed for blue, green, and red light and measured using laser illumination with λ0 = 447, 532, and 660
nm, respectively. Each lens exhibits a near diﬀraction-limited focus with Airy disk diameters of ∼500, 550, and 600 nm, respectively. (c) Measured
intensity proﬁles along the optical axis of three lenses designed to have f = 500 μm and a NA = 0.24 for the same laser wavelengths as in (b). Note the
normalized logarithmic intensity scale. (d) Measured polarization conversion eﬃciency spectra of the lenses in (c). The shaded regions represent an
estimated ±5% error margin. (e) Picture of a 1 cm metalens with f = 4 mm. (f) SEM image (left) and optical image produced by the 1 cm metalens
(right) of a transmissive test target etched out from an opaque Cr ﬁlm. The Chalmers logo and Avancez mark are published with permission by the
Chalmers University of Technology.

■

SPHERICAL METALENS
To demonstrate the application potential of the resist
metasurfaces, we subsequently realized a variety of ﬂat positive
lenses, arguably the most used and important element in applied
optics. The phase proﬁle required to achieve lensing is
2π
φ(r ) = λ (f − r 2 + f 2 ), where r is the radial distance from

with which hyperspectral imaging and polarization optics were
used to measure the eﬃciency spectra of the metalenses.
To demonstrate the potential for realizing macroscopic
optical components using the resist methodology, we fabricated
a 1 cm diameter ﬂat lens designed for 532 nm light (Figure 3e).
Although the lens consists of >600 million individual elements,
the facile fabrication process allows the lens to be ﬁnalized in a
single afternoon of lab work, including sample preparation, EBL
exposure, and development.
Figure 3f illustrates the imaging performance of the
macroscopic metalens. The test target, a 400 μm diameter
version of our university logo etched out from an opaque
chromium ﬁlm (Figure 3f, left) was placed in the object plane of
an imaging system in which the metalens acts as an inﬁnitycorrected microscope objective (Figure S9). The test target was
backlit by diﬀuse circularly polarized 532 nm light and the
magniﬁed image was projected onto a screen and photographed.6 The resulting image clearly displays even the ﬁnest
details of the target (Figure 3f, right; see also Figure S10 for
images of a standardized resolution test chart, 1951 USAF).

0

the optical axis, f is the focal length, and λ0 is the free-space
wavelength.3 Based on the PB phase concept, we designed lenses
of diﬀerent focal lengths for blue, green, and red light using the
same optimized nanoﬁn and unit cell dimensions as in Figure 2.
Figure 3a exempliﬁes the resulting structures. The focusing
ability of the lenses were quantiﬁed using collimated circularly
polarized laser light (λ0 = 447, 532, and 660 nm; see Figure S8
for the optical setup). Figure 3b shows focal spot images for
lenses designed with f = 100 μm and numerical aperture NA =
0.65. The central disks of the characteristic Airy patterns have
full widths at half maxima (fwhm) of ∼500, 550, and 600 nm for
the blue, green, and red laser wavelengths, respectively. The
focal spots are thus broader than the diﬀraction limit (∼λ0/
2NA), likely due to the sharp phase proﬁle at the periphery of the
lens not being properly reproduced by the chosen meta-atom
unit-cell. Yet, the focusing properties are similar to what is
typically seen for standard microscope objectives with similar f
and NA. Furthermore, the intensity distribution along the
optical axis shows characteristic Gaussian intensity proﬁles, as
demonstrated in Figure 3c for lenses designed with f = 500 μm
and NA = 0.24. We also veriﬁed that the polarization conversion
eﬃciencies of the metalenses were comparable to the results
obtained for the corresponding homogeneous nanoﬁn arrays
(Figure 3d). In this case, the laser light source was replaced by a
white-light source together with a liquid crystal tunable ﬁlter,

■

SUBSTRATE-INDEPENDENT PROCESSING
The advantages oﬀered by the resist methodology go beyond
simplicity and scalability. In particular, the method can be
adapted to practically any substrate and requires processing
temperatures as low as 90 °C. This is a signiﬁcant advantage
compared to established techniques, which rely on hightemperature material growth (e.g., metallo-organic chemical
vapor deposition) or the use of nonconventional chemicals (e.g.,
atomic layer deposition techniques). As examples of substrate
independence, we fabricated metasurfaces on ﬂexible plastic
887
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Figure 4. Resist metasurfaces on ﬂexible and reﬂective substrates. (a) Picture of a ﬂexible metasurface cylindrical lens during deformation. (b) Inverse
radius of curvature for four degrees of bending where the x-axis numbers correspond to the ones in the left column of (c). (c) Left column displays topview images of the ﬂexible metasurface during operation. Right column presents how the in-plane line focus produced by the cylindrical lens is modiﬁed
by varying the radius of curvature. The vertical lines are induced by stress-induced birefringence in the substrate. (d) Photograph of the reﬂective
metasurface fabricated on a SiO2-coated silver mirror. (e) Top-view SEM image of a section of the linear phase gradient metasurface, showing the
superstructure-unit cell. (f, g) Normalized reﬂected intensity versus wavelength and diﬀraction angle for (f) right-handed and (g) left-handed circularly
polarized light under normal incidence. The top insets show Fourier images recorded at the wavelength with highest polarization conversion eﬃciency
(λ ≈ 550 nm). (h) Relative intensity in the zeroth and ±ﬁrst (bright and dark) reﬂected diﬀraction orders for normal incidence and circular
polarization.

substrates (polyethylene terephthalate, PET) and on metal
mirrors (Figure 4).
Figure 4a−c shows a 4 × 10 mm2 cylindrical metasurface lens
with f = 1 cm fabricated on a ﬂexible PET substrate. Bending the
substrate along the direction of the phase gradient (Figure 4a)
results in a curved line focus with focal length curvature
determined by the degree of bending (Figure 4b and left column
of Figure 4c). Therefore, if the central part of the line is focused
on a ﬂat screen oriented orthogonal to the optical axis, the
peripheral parts of the line will appear blurry since their
corresponding focal points are located in front of the screen.
This eﬀect increases with the amount of bending (Figure 4c).
The images of the curved line foci also display periodic bright
and dark bands due to stress-induced birefringence in the PET
substrate. These artifacts are likely to disappear with gentle
thermal annealing of the substrate in the curved position.
Additionally, we note that the function of the ﬂexible metalens
did not degrade noticeably even after repeated bending of the
substrate to a radius of curvature smaller than half a centimeter.
The possibility to build reﬂective metaoptics using the resist
methodology was demonstrated by fabrication of linear phase
gradient metasurfaces2,15 on commercially available coated
silver mirrors (Figure 4d) and on optically thick gold ﬁlms
deposited in-house (Figure S11). The metasurfaces were

constructed from the same optimized nanoﬁn design as above,
but the nanoﬁns are now arranged in a super cell consisting of 12
nanoﬁns successively rotated by 15° in one direction and
repeated in the other one (Figure 4e). The result is a metasurface
that acts as a polarization sensitive blazed grating able to
distinguish the handedness of light via anomalous reﬂection.2
Figure 4f-g show the spectral variation of the reﬂected intensity
for incident right/left-handed circularly polarized light versus
emission angle (see Figures S12 and S13a,b for experimental and
spectral details). The eﬀect of the phase proﬁle can be seen from
the relative intensities of the ±ﬁrst-order diﬀraction lines, which
are either strongly enhanced or suppressed at opposite sides of
the specular zeroth order diﬀraction. This exotic behavior is
easily observed by the naked eye in ambient lighting (Figure
S13c−e). We quantiﬁed the diﬀraction eﬃciency by normalizing
the intensities in the diﬀerent diﬀraction orders to the total
reﬂected intensity (Figure 4h). At the optimal working
wavelength around 550 nm, the metamirror directs ∼80% of
the reﬂected light to either left or right depending on the
handedness of the impinging circularly polarized wave. The
overall reﬂectivity of the metamirror is ∼50% (referenced to a
plain silver mirror), but this value would likely increase with
further optimization.
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CONCLUSIONS
We have shown that it is possible to build optical metasurfaces
with an oﬀ-the-shelf electron beam resist as the only constituent
material. This makes it possible to avoid most of the timeconsuming, costly and sometimes hazardous processing steps
typically involved in building phase gradient metasurfaces. The
resulting metasurfaces are eﬃcient (polarization conversion
>50%) and function across the entire visible wavelength
spectrum. As a proof-of-principle, we developed the ﬂat optical
equivalent of spherical lenses, which show both narrow focusing
and high-resolution imaging. Moreover, the method is
compatible with a wide range of substrates, as demonstrated
through the realization of metasurfaces on both ﬂexible plastic
supports and metallic mirrors. The possibility to construct
metasurfaces on ﬂexible or conformable substrates open new
avenues for combining ﬂexible electronics with ﬂat optical
devices43,44 and could enable the realization of, for example,
tunable attenuators by inducing speciﬁc deformations of the
substrate. Furthermore, reﬂective hybrid metallic/dielectric
metasurfaces have been proposed as a platform for new optical
phenomena.17,45 Although we have here focused on constructing geometrical (Pancharatnam-Berry) metasurfaces, the
methodology can also be used to build polarization independent
uniform waveguiding metasurfaces, since the resist metaatoms
are found to support clear waveguiding modes.
The macroscopic metasurfaces (1 cm in diameter) are made
possible by using high EBL writing speeds, partly by the use of a
large beam current and partly by the relatively high sensitivity of
the ma-N 2410 resist, which can be exposed with low doses.
However, we note that even shorter writing speed could be
achieved with other resists that are up to 100 times more
sensitive (such as the UV−N series). During the design stage,
ﬁles of sizes larger than 50 GB needed to be handled, potentially
posing some memory limitations if even larger metasurfaces
should be realized. However, such restrictions could be
surmounted by clever design and processing algorithms
designed for large-scale metasurfaces.46,47
The metasurfaces are stable over time and can be left in
ambient conditions without any noticeable degradation for at
least six months. Regarding stability, the polymer metasurfaces
withstand temperatures at least as high as 100 °C and relatively
high light intensities (up to 5 W/cm2 generated by a 532 nm
continuous laser source), without any apparent reduction in the
metasurface performance. It might be possible to apply a thin
(<10 nm) conformal protective coating (e.g., via atomic layer
deposition) to the metasurfaces to improve their thermal
stability and slightly increase the refractive index contrast to the
surrounding. Moreover, for practical use, it will be necessary to
protect the delicate nanostructures from abrasion. The simplest
way of doing that would be to simply place a cover glass in front
of the surface, as routinely done for protecting sensitive image
sensors in current commercial products.
One weakness with metasurfaces in general is the inherent
chromatic aberrations induced by the material dispersion as well
as the design of the phase proﬁle. This issue is of minor
importance in narrow-band applications, in particular involving
lasers, which is thus where ﬂat optical elements are likely to ﬁrst
become truly competitive. Yet, there are plenty of ongoing
eﬀorts toward realizing achromatic ﬂat optical components.7,14,29,48,49 Since the refractive index dispersion of
polymers are generally quite low, the technique presented in
this article might prove useful in such endeavors.

Letter

The fabrication technique presented here is accessible also to
laboratories and researchers that lack access to the advanced
tools for material growth, deposition, and etching, typically
required for metasurface fabrication. Although we have here
used a speciﬁc material, the ma-N 2410 resist, the method can be
adapted to any kind of resist, positive or negative. Hence, this
technique is a step toward proliferation and democratization of
metasurface research.
As demonstrated here, critical point drying enables fabrication
of ma-N 2410 resist metasurfaces with eﬃciency above 50%. It
should, in principle, be possible to reach even higher eﬃciencies
if the nanoparticles were made taller (aspect ratio > 25);
however, fabricating such tall nanoﬁns is challenging. A polymer
with a higher refractive index would allow one to reach a high
eﬃciency with shorter nanoﬁns, but unmodiﬁed polymers with
an index higher than 1.75 are diﬃcult to come by.50 One
approach could be to instead use a polymer nanocomposite in
which high-index dielectric or metallic nanoinclusions are used
to increase the average refractive index of the nanoﬁns.51,52 It is,
of course, also possible to use resists with a lower refractive
index, since the required 2π phase coverage can be reached
irrespective of refractive index given that the nanoﬁns are
suﬃciently tall.10 In this sense, the method demonstrated here is
truly general.
Lastly, the resist used here can also be exposed by UVlithography. Advanced deep-UV-lithography systems routinely
expose patterns signiﬁcantly smaller than the patterns exposed
by EBL here, and reports on macroscopic metasurfaces made by
UV-lithography have indeed already appeared.53−55 Considering this, one might envision a scheme where UV-lithography is
used to build large-scale polymer-based metasurfaces, further
decreasing the processing time and eventually facilitating ﬂat
optical components to become a substantial competitor to bulk
optics.

■

METHODS
Simulations. Numerical simulations (FDTD) were performed using commercial software (Lumerical). Dielectric
nanoﬁns made of ma-N 2410 were placed on a glass substrate
(refractive index n = 1.5) and illuminated by left circularly
polarized light from the substrate side. Periodic boundary
conditions were used in the in-plane direction and perfectly
matched layers in the out-of-plane direction. A transmission
monitor was placed 2 μm above the nanoﬁn on the air side and
the complex electric ﬁeld was recorded. To obtain the electric
ﬁeld decomposed into the circularly polarized basis, the ﬁeld at
the transmission monitor is averaged to be treated as a plane
wave propagating normal to the surface. For wavelengths larger
than the unit-cell period, the variations over the monitor are
small enough to be attributed to computer rounding errors
(<1%). For wavelengths smaller than the unit-cell, this
approximation introduces errors since some light propagates
with diﬀerent k-vectors due to diﬀractive eﬀects, and the
simulation results in these wavelength ranges are treated as an
approximation. Nevertheless, some of the spectral features in
this range are observed also in the experimental veriﬁcation.
Fabrication. Metasurface substrates are ﬁrst cleaned by
sonication in acetone and isopropanol, then treated with oxygen
plasma to remove organic contaminants and water vapor. A layer
of Ti-Prime is spin-coated on the substrate to increase resist
adhesion, followed by spin coating of the resist (ma-N 2410,
Micro Resist Technology GmbH, Germany). A prebake step is
performed thereafter. For transparent samples, the surface is
889
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then coated with a conductive polymer, which serves as a
sacriﬁcial layer, and a 15 nm layer of Cr, which renders the
surface reﬂective during the subsequent electron-beam lithography exposure (Raith EBPG5200). The patterns are exposed
with a current of 20 nA to a dose of 400 μC/cm2. After the
exposure, the sample is placed in water to lift oﬀ the conductive
polymer and chromium, and then placed in a developer (ma-D
525) to uncover the metasurface. The sample is rinsed in water
and then dried in a N2 ﬂow or through critical point drying.
To perform critical point drying, a solvent that is soluble in
both water and liquid CO2 and, at the same time, does not
dissolve the resist is required. In previous publications, hexane
has been found as a suitable solvent.39,40 However, water is not
soluble in hexane and therefore surfactants are added to both
water and hexane to promote micelle formation upon mixing of
the two liquids. Span 20 is dissolved in hexane and Tween 20 is
added to water, producing a mixture with a hydrophilic−
lipophilic balance suitable to generate water-containing micelles
in hexane. The following drying procedure is subsequently
followed: (1) The sample is moved from rinse water containing
Tween 20 to the hexane/Span 20 mixture and vigorously shaken
to aid micelle formation. (2) The sample is transferred to a
beaker of pure hexane to wash away the water-containing
micelles and subsequently to pure hexane in the critical point
dryer. (3) The hexane is iteratively replaced with liquid CO2,
and when the concentration of hexane is low, the temperature/
pressure in the chamber is raised to above 31 °C/74 bar. Here,
the CO2 enters its gas phase via a supercritical phase and can
then be purged from the chamber, leaving a dried metasurface
sample.
Optical Measurements. The optical experiments for this
work were performed with a custom-built microscope setup.
Polarization control of the light was obtained by using two sets
of linear polarizers (LPVISE100-A) and achromatic quarter
waveplates (AHWP05M-600). The white light illumination
source used was a laser driven light source (Energetiq EQ99XFC LDLS) that, if desired, can be spectrally ﬁltered with a
liquid crystal tunable ﬁlter (Varispec 420−730 nm). Moreover,
three diﬀerent lasers with blue, green, and red output lights were
ﬁber-coupled to the system, namely, 447, 532, and 660 nm. The
microscope objectives used for light collection and imaging were
a 20×/0.75 (Nikon Plan Apo) or a 40×/0.95 (Nikon CFI Plan
Apo Lambda), depending on the desired ﬁeld of view and
magniﬁcation. Images were collected with a CCD camera
(Thorlabs DCC1545M), whereas spectra were recorded using a
ﬁber-coupled spectrometer (Ocean Optics QE65000). Lastly,
when detailed motion control was desired, optical components
were mounted on a motorized one-axis translation stage
(Thorlabs PT1-Z8).

■

■
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reﬂective metasurface; Optical inspection of the reﬂective
metasurfaces (PDF)
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Jade Martínez-Llinàs − Department of Physics, Chalmers
University of Technology, S-412 96 Göteborg, Sweden;
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