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ABSTRACT: Phase-gradient metasurfaces have the potential to
revolutionize photonics byeasing ultrathin alternatives to a wide

range of common optical elements, including bulky refractive
optics, waveplates, and axicons. However, the fabrication of state-
of-the-art metasurfaces typically involves several expensive, time-
consuming, 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-perforataomtics based on the Pancharatham-Berry phase gradient concept

for the entire visible wavelength range. Manufactured devices include macroscopic (1 cm diameter) positive lenses, gratir

exhibiting anomalous eetion, and cylindrical metalensesexible plastic substrates.
KEYWORDS: at optics, phase gradient metasurfaces, metalenses, nanex#iigaapiocs

hase-gradient metasurfaces allow the phate gi@a required fabrication to a single lithography step and removes any
transmitted or reected light wave to be arbitrarily subsequent need for material deposition, [ittoetching.
controlled by engineering the properties and spatial arrang&lymers have been used as building blocks for traditional
ment of the constituent subwavelength elementsnéta  di ractive optics elemefits’ but so far not explored in the
atoms™? This concept has enabled the realizationabf  context of phase gradient metasurfaces. By correct optimization,
counterparts to most common optical elements, includinge realized a variety of polymer metasurfaces, including
lenses, **hologram$? *“beamsplitters;*%curved mirrors’ macroscopicat optics andexible elements, with @encies
and retroreectors;? in some cases even outperforming theirabove 50% across the visible spectrum, in a fraction of the time
bulk counterparts by somgures of merit. As thesld has needed when using established manufacturing methods. The
matured, researchers have also turned to designing more exmthodology is readily adaptable to deep UV-lithography, thus,
metasurfaces capable of performing tasks usually requiringoaming the way for mass productiorabtonsumer optics.
entire optical setup, such as optical twe€z8rplanar

camera$; light- eld imaging systeritscolor routing,’ OPTIMIZATION OF NANOFIN DIMENSIONS

; ; 27 g
spectromet efs, Qynam|c opt|ca!3 elemefits,” and super We choose an ehe-shelf negative electron beam lithography
resolution imaging componefts: BL) resist (ma-N 2410, Micro Resist Technology GmbH)

Metasurfaces are thus improving at an impressive papé%%h comparatively high réfractive index and low a%);orption ’as
however, contemporary systems still have shortcomings tour material systerfifjure S)L The resist is spin-coated to the

need to be overcome fatt optical components to reach their sired thickness on an arbitrary substrate and then patterned in
full potential. Most importantly, state-of-the-art metasurfacgg . rary ; p
single EBL exposure, yielding high aspect rationgano

are currently fabricated by highly demanding procedures tHat i L
typically involve deposition of a transparent dielectric, such itable as Pancharatnam-Berry (PB) metasurface building

Ti0,59GaN’ SN, or Si (in the NIR rangé)-followed by ocks. This approach utilizes that an individual maram

lithographic patterning, additional depositions, etching, and f%uoncnon as a subwavelength half-wave plate due to its shape

on. A cost-eective alternative material platform and fabrication Irefringence. Thus, an incident circularly polarized wave can be

method that is accessible, scalable, and based on only nontcxic

disposable materials could dramatically accelerate the impadtegeived: December 22, 2019

metasurfaceat optics across society. Published: March 19, 2020
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 itseffiure 1). This eectively reduces the
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Figure 1Metasurfaces can be made by an exposed negative electron beam resist as the sole constituent material. The method involves spin coatin
standard electron beam resist, prebaking, e-beam exposure, and development. This protocol eliminates any need for additional hiaterial depositior
o , or etching. A macroscopic metasurtgdens can be made from starttigh within a few hours, sigrantly faster than any existing EBL-based

method.
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Figure 2Birefringent nanms made of the exposed resist can be used to recire 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 polariza
conversion eciency spectra for metasurfaces optimized for blue, green, and red light.nshereaniented at 4ffom the axes of a square lattice

with periodicityD, indicated by the vertical lines.

ipped to the opposite handedness. By varying the rotatidfiowever, this well-known issue can be circumvented by using
anglé, of each nanm across a lattice, itis possible to imposeso-called critical point drying with surfactant-redtiexane as
a spatially varying phase fea(r) = 4293mt3(7r) to the cross-  the intermediary liquid (sééethodsfor details§® “° This
polarized transmitted or eeted wavés” *’ Given that the  methodology allowed us to routinely fabricate nanaith

lattice constant is small compared to the selected operatlggpect ratios approaching 2@ (re ).
wavelength and that the polarization conversicierey is The simulations allow us to optimize three mano
high, this means that the metasurface in principle can t3ﬁ"mensions for operation in the blue, green, and red wavelength

designed to impart any arbitrary phaselgrsimply by : . ;
selecting the orientation of each subwavelength element. T} oges. The s!mulatedaaency spectr_&(gur_e B) peak.above
PB phase concept has proven to be extremely powerful 0% for speat wavelengths and dimensions are in excellent

designing a wide range of broadband phase-gradient met¥erall agreement with the experimental reSigts¢ 2, see

surfaces andht optical componerits’ Figure Sfor experimental setup and details). Both experiments
To obtain optimized design parameters for metasurfacésd theory indicate a broad range of operation around the
working in the visible wavelength rangerstperformednite chosen design wavelengths, although lattice modes, caused by

di erence time-domain (FDTD) simulations using in-planedi ractive coupling within the nandayer, induce rather sharp

periodic boundary conditions. We analyzed the polarizatigpectral uctuations in eciency. Nevertheless, the simulations

conversion eciency for nanms on glass in air as a function of show almost constant transmissioniency versus namo

in-plane dmepsmn_s (Iengﬂwdth\/\/), _he[ghﬂ-|, and lattice  ,rientation and homogeneous phase covétiages( Spand

_con_stamD. '”'“?' S'”.‘“'a“on results |nd|c_ate that _the pOIar'the measured transmission adents at the respective design

ization conversion eiency scales almost linearly with mano . . .

. : . ; g wavelengths are almost independent of metasurface orientation

height for given in-plane dimensidrigi{re SR Hence, care . S5 Calculati ¢ eld intensity distribut

should be taken to maximize this value experimentally. Usi{": gure Sp alculations of neaeid in ens!ty Istributions
along the two in-plane principal axes verify that thensano

standard process parameters, it is possible to obtainsnano R :
with an out-of-plane aspect rati/\() of around 10.  Supportwaveguiding modegre Sy Such modes are known

Unfortunately, for higher aspect ratios, water rinsing ari@ contribute to phase accumulation in PB metastitiaoes _
subsequent nitrogen drying after development cause tHeey are fundamental also to polarization-independent uniform
nanons to collapse due to surface tension foFogs¢ SB waveguiding metasurf&cés.
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Figure 3Transmissive resist metalenses for focusing and imaging. (a) Tilted and top view SEM images of metalens sections. (b) Focal spots produ
by three lenses with 100um and NA = 0.65 designed for blue, green, and red light and measured using laser illuniisraddT 682, and 660

nm, respectively. Each lens exhibits a neacttin-limited focus with Airy disk diameterss60, 550, and 600 nm, respectively. (¢) Measured
intensity proles along the optical axis of three lenses designedfto B@aem and a NA = 0.24 for the same laser wavelengths as in (b). Note the
normalized logarithmic intensity scale. (d) Measured polarization conversimy epectra of the lenses in (c). The shaded regions represent an
estimated 5% error margin. (e) Picture of a 1 cm metalen§ withmm. (f) SEM image (left) and optical image produced by the 1 cm metalens

(right) of a transmissive test target etched out from an opadoe The Chalmers logo and Avancez mark are published with permission by the
Chalmers University of Technology.

SPHERICAL METALENS with which hyperspectral imaging and polarization optics were
sed to measure the@ency spectra of the metalenses.
To demonstrate the potential for realizing macroscopic
ical components using the resist methodology, we fabricated
cm diametent lens designed for 532 nm lighig(ire 8).

- — ) S Although the lens consists of >600 million individual elements,
¢(r) = 7(f = Jr" + f°), wherer is the radial distance from  the facile fabrication process allows the lens taliged in a
the optical axis,is the focal length, arig is the free-space single afternoon of lab work, including sample preparation, EBL
wavelengthiBased on the PB phase concept, we designed lengegosure, and development.
of di erent focal lengths for blue, green, and red light using theFigure 8 illustrates the imaging performance of the
same optimized nanmoand unit cell dimensions a&igure 2 macroscopic metalens. The test target, aufiOBiameter
Figure a exemplies the resulting structures. The focusingversion of our university logo etched out from an opaque
ability of the lenses were quaediusing collimated circularly chromium Im (Figure 8 left) was placed in the object plane of
polarized laser lighty(= 447, 532, and 660 nm; $égure S8  an imaging system in which the metalens acts asiy: in
for the optical setupligure 8 shows focal spot images for corrected microscope objectivigi(re SP The test target was
lenses designed with 100zm and numerical aperture NA = backlit by diuse circularly polarized 532 nm light and the
0.65. The central disks of the characteristic Airy patterns haveagnied image was projected onto a screen and photo-
full widths at half maxima (fwhm) &00, 550, and 600 nm for  graphed.The resulting image clearly displays evemés:
the blue, green, and red laser wavelengths, respectively. dbgails of the targeFigure & right; see alsBigure Sidor
focal spots are thus broader than theaction limit ( Ao/ images of a standardized resolution test chart, 1951 USAF).
2NA), likely due to the sharp phase lerat the periphery of the
lens not being properly reproduced by the chosen meta-atom SUBSTRATE-INDEPENDENT PROCESSING
unit-cell. Yet, the focusing properties are similar to what is )
typically seen for standard microscope objectives withfsimilafhe advantages ered by the resist methodology go beyond
and NA. Furthermore, the intensity distribution along thesimplicity and scalability. In particular, the method can be
optical axis shows characteristic Gaussian intendieg,pme ~ adapted to practically any substrate and requires processing
demonstrated iRigure 8 for lenses designed wWith500xm temperatures as low as°@ This is a signtant advantage
and NA = 0.24. We also ved that the polarization conversion compared to established techniques, which rely on high-
e ciencies of the metalenses were comparable to the resiétgperature material growth (e.g., metallo-organic chemical
obtained for the corresponding homogeneous mammys  vapor deposition) or the use of nonconventional chemicals (e.g.,
(Figure 8). In this case, the laser light source was replaced byatomic layer deposition techniques). As examples of substrate
white-light source together with a liquid crystal tunkbte independence, we fabricated metasurfacesxiie plastic

To demonstrate the application potential of the resist
metasurfaces, we subsequently realized a va@gtyasitive
lenses, arguably the most used and important elementin appf?e%?
optics. The phase pite required to achieve lensing is a
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Figure 4 Resist metasurfaces erible and reective substrates. (a) Picture abdble metasurface cylindrical lens during deformation. (b) Inverse
radius of curvature for four degrees of bending whes@dlsenumbers correspond to the ones in the left column of (c). (c) Left column displays top-
view images of thexible metasurface during operation. Right column presents how the in-plane line focus produced by the cylindriedl lens is modi
by varying the radius of curvature. The vertical lines are induced by stress-induced birefringence in the substrate. (d) Photecfiaph of the re
metasurface fabricated on a,$iated silver mirror. (e) Top-view SEM image of a section of the linear phase gradient metasurface, showing the
superstructure-unit cell. (f, g) Normalizedeted intensity versus wavelength anaidiion 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 polarizat@eraynversion e

(4 550 nm). (h) Relative intensity in the zeroth ancst (bright and dark) rected diraction orders for normal incidence and circular
polarization.

substrates (polyethylene terephthalate, PET) and on metbnstructed from the same optimized madesign as above,
mirrors Eigure 4. but the nanons are now arranged in a super cell consisting of 12
Figure & cshows a4 10 mnf cylindrical metasurface lens nanons successively rotated by b one direction and
withf=1 cm fabricated on axible PET substrate. Bending the repeated in the other oriégure €). The resultis a metasurface
substrate along the direction of the phase gradigut 4) that acts as a polarization sensitive blazed grating able to
results in a curved line focus with focal length curvaturgistinguish the handedness of light via anomal@asios’
determined by the degree of bendng(e # and leftcolumn  £igyre g show the spectral variation of thected intensity
of Figure €). Therefore, if the central part of the line is focuseqq incident right/left-handed circularly polarized light versus

on a at screen oriented _orthogonal to the optical_ axis, th_@mission angle (Selgures S12 and S1Jartexperimental and
peripheral parts of the line will appear blurry since the

dina focal boint located in front of th e'ﬂ)ectral details). Theext of the phase pie can be seen from
corresponding focal points are located In tront ol the SCTe&fR, q|ative intensities of therst-order diraction lines, which
This e ect increases with the amount of bendinmgi(e ¢).

The images of the curved line foci also display periodic brig { specular zeroth order rdiction. This exotic behavior is

and dark bands due to stress-induced birefringence in the P %sily observed by the naked eye in ambient ligFige(

substrate. These artifacts are likely to disappear with geng iod the di . ) lizi
thermal annealing of the substrate in the curved positioq.13C €)- We quantiedthe diraction e ciency by normalizing

Additionally, we note that the function of theible metalens the intensities in the dirent diraction orders to the total
did not degrade noticeably even after repeated bending of tie€cted intensity Higure #). At the optimal working
substrate to a radius of curvature smaller than half a centimetégvelength around 550 nm, the metamirror dir&@%6 of

The possibility to build rective metaoptics using the resist the reected light to either left or right depending on the
methodology was demonstrated by fabrication of linear phad@ndedness of the impinging circularly polarized wave. The
gradient metasurfateson commercially available coated overall reectivity of the metamirror i550% (referenced to a
silver mirrors Kigure 4) and on optically thick goldms plain silver mirror), but this value would likely increase with
deposited in-houseFiure S1)1 The metasurfaces were further optimization.

e either strongly enhanced or suppressed at opposite sides of
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CONCLUSIONS The fabrication technique presented here is accessible also to

We have shown that it is possible to build optical metasurfaiggorator'es and researchers that lack access to the advanced

: : : Is for material growth, deposition, and etching, typically
with an o -the-shelf electron beam resist as the only constituefit >, S
material. This makes it possible to avoid most Béf the timé_equwed for metasurface fabrication. Although we have here

: . . sed a sped material, the ma-N 2410 resist, the method can be
consuming, COS“Y and_ sometimes haze_lrdous Processing s euoaspted to any kind of resist, positive or negative. Hence, this
typically involved in building phase gradient metasurfaces. Thay o e is a step toward proliferation and democratization of
resulting metasurfaces arecient (polarization conversion

>50% d function acr the entire visible wavelen metasurface research.
) and function ac 0ss the entire visibie Wavelengin g qemonstrated here, critical point drying enables fabrication
spectrum. As a proof-of-principle, we developedittbptical

of ma-N 2410 resist metasurfaces witlieacy above 50%. It

equivalent of spherical lenses, which show both narrow focus L : S
and high-resolution imaging. Moreover, the method iﬁmd’ In principle, be possible to reach even higtieneies

: g . he nanoparticles were made taller (aspect ratio > 25);
compatible with a wide range of substrates, as demonstra P (asp )

h h th lizati f ‘ bathle plasti ever, fabricating such tall nasas challenging. A polymer
through the realization of metasurtaces on bathle plastic iy, 5 higher refractive index would allow one to reach a high

supports and metgllic mirrors. The possibility to construct ciency with shorter nans, but unmoded polymers with
metasurfaces omxible or conformable substrates open new,, index higher than 1.75 aredilt to come by° One
avenues for combiningxible electronics witrat optical  a55r6ach could be to instead use a polymer nanocomposite in
devices™™ and could enable the realization of, for exampleyhich high-index dielectric or metallic nanoinclusions are used
tunable attenuators by inducing spedeformations of the {4 jncrease the average refractive index of thexsglt is,
substrate. Furthermore, getive hybrid metallic/dielectric of course, also possible to use resists with a lower refractive
metasurfaces have been proposed as a platform for new opfis@bx, since the required ghase coverage can be reached
phenomen&’*® Although we have here focused on ConStrUCtTrrespective of refractive index given that the marare

ing geometrical (PancharamBerry) metasurfaces, the g ciently tall°In this sense, the method demonstrated here is

methodology can also be used to build polarization independgpfly general.

uniform waveguiding metasurfaces, since the resist metaatomstly, the resist used here can also be exposed by UV-

are found to support clear waveguiding modes. lithography. Advanced deep-UV-lithography systems routinely
The macroscopic metasurfaces (1 cm in diameter) are maggpose patterns sigrintly smaller than the patterns exposed

possible by using high EBL writing speeds, partly by the use QfiaEBL here, and reports on macroscopic metasurfaces made by

large beam current and partly by the relatively high sensitivityi9%/-lithography have indeed already appearédonsider-

the ma-N 2410 resist, which can be exposed with low dosggy this, one might envision a scheme where UV-lithography is

However, we note that even shorter writing speed could hgsed to build large-scale polymer-based metasurfaces, further

achieved with other resists that are up to 100 times mokgecreasing the processing time and eventually facilaating

sensitive (such as the UV series). During the design stage, optical components to become a substantial competitor to bulk
les of sizes larger than 50 GB needed to be handled, potentialitics.

posing some memory limitations if even larger metasurfaces
should be realized. However, such restrictions could be METHODS

surmounted Dby clever design and processing algorithmsgjmyations. Numerical simulations (FDTD) were per-

designed for large-scale metasufféCes. formed using commercial software (Lumerical). Dielectric

The metasurfaces are stable over time and can be Ieft {36 ns made of ma-N 2410 were placed on a glass substrate
ambient conditions without any noticeable degradation for @tafractive index = 1.5) and illuminated by left circularly
least six months. Regarding stability, the polymer metasurfaggyrized light from the substrate side. Periodic boundary
withstand temperatures at least as high d€ 0@l relatively  conditions were used in the in-plane direction and perfectly
high light intensities (up to 5 W/€menerated by a 532 nm  matched layers in the out-of-plane direction. A transmission
continuous laser source), without any apparent reduction in th€onitor was placedu2n above the nano on the air side and
metasurface performance. It might be possible to apply a thife complex electrield was recorded. To obtain the electric
(<10 nm) conformal protective coating (e.g., via atomic layefe|d decomposed into the circularly polarized basis|de
deposition) to the metasurfaces to improve their thermahe transmission monitor is averaged to be treated as a plane
stability and slightly increase the refractive index contrast to thgye propagating normal to the surface. For wavelengths larger
surrounding. Moreover, for practical use, it will be necessarytfan the unit-cell period, the variations over the monitor are
protect the delicate nanostructures from abrasion. The simplegtall enough to be attributed to computer rounding errors
way of doing that would be to simply place a cover glass in frq@19). For wavelengths smaller than the unit-cell, this
of the surface, as routinely done for protecting sensitive imaggproximation introduces errors since some light propagates
sensors in current commercial products. with di erent k-vectors due to dhctive eects, and the

One weakness with metasurfaces in general is the inheremhulation results in these wavelength ranges are treated as an
chromatic aberrations induced by the material dispersion as wglproximation. Nevertheless, some of the spectral features in
as the design of the phase [@oThis issue is of minor this range are observed also in the experimentehtien.
importance in narrow-band applications, in particular involving Fabrication. Metasurface substrates arst cleaned by
lasers, which is thus whesoptical elements are likely st sonication in acetone and isopropanol, then treated with oxygen
become truly competitive. Yet, there are plenty of ongoingasma to remove organic contaminants and water vapor. A layer
e orts toward realizing achromatiat optical compo- of Ti-Prime is spin-coated on the substrate to increase resist
nents/ 14294849 gince the refractive index dispersion ofadhesion, followed by spin coating of the resist (ma-N 2410,
polymers are generally quite low, the technique presentedNficro Resist Technology GmbH, Germany). A prebake step is
this article might prove useful in such endeavors. performed thereafter. For transparent samples, the surface is
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then coated with a conductive polymer, which serves as a re ective metasurface; Optical inspection of thethee

sacricial layer, and a 15 nm layer of Cr, which renders the metasurface® PP

surface reective during the subsequent electron-beam lithog-

raphy exposure (Raith EBPG5200). The patterns are exposed

with a current of 20 nA to a dose of 4@cm? After the AUTHOR INFORMATION

exposure, the sample is placed in water totlife@onductive ~ Corresponding Authors

polymer and chromium, and then placed in a developer (ma-D Daniel Andrén  Department of Physics, Chalmers University of

525) to uncover the metasurface. The sample is rinsed in water Technology, S-412 96 Goteborg, Sweden; @ orcid.org/0000-

and then dried in ajN ow or through critical point drying. 0003-0682-5128Bmaildaniel.andren@chalmers.se
To perform critical point drying, a solvent that is soluble in Mikael Kall ~ Department of Physics, Chalmers University of
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