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Extreme ultraviolet metalens by vacuum guiding
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Extreme ultraviolet (EUV) radiation is a key technology for material science, attosecond metrology,
and lithography. Here, we experimentally demonstrate metasurfaces as a superior way to focus
EUV light. These devices exploit the fact that holes in a silicon membrane have a considerably
larger refractive index than the surrounding material and efficiently vacuum-guide light with a
wavelength of ~50 nanometers. This allows the transmission phase at the nanoscale to be controlled
by the hole diameter. We fabricated an EUV metalens with a 10-millimeter focal length that supports
numerical apertures of up to 0.05 and used it to focus ultrashort EUV light bursts generated
by high-harmonic generation down to a 0.7-micrometer waist. Our approach introduces the vast
light-shaping possibilities provided by dielectric metasurfaces to a spectral regime that lacks
materials for transmissive optics.

D
ielectric metasurfaces consist of trans-
parent nanostructures with subwave-
length separation, which manipulate
the phase of light on the nanoscale (1).
This elaborate control is revolutioniz-

ing modern optics: Metasurfaces can replace
bulk optics by thin and flat elements (2, 3),
combine multiple functions in single optical
elements (4, 5), and be used to realize inno-
vative optical components that induce, for
example, freely designable optical angular
momentum (6) and polarization (7, 8). Tech-
nology, including modern semiconductor
lithography, demands this design liberty for
innovative optical elements for ever-shorter
wavelength radiation, but this development
has been stalled at ultraviolet frequencies
where dielectrics stop being transparent. To
our knowledge, linear metaoptics have only
been demonstrated down to a wavelength of
≈250 nm (9–11). Nonlinear metasurfaces reach
further into the ultraviolet spectrum at the cost
of indirect light-shapingmechanisms and have,
at present, been demonstrated down to awave-
length of 185 nm (12–15).
Inaccessible to metasurface design has been

extreme ultraviolet radiation (EUV), which
covers thewavelength range from 10 to 121 nm
and corresponds to a photon energy of 10 to
124 eV (16). This wavelength regime receives
appreciable attention as a gateway to achiev-
ing attosecond temporal resolution in ultrafast
spectroscopy (17) and lithographically fabricat-
ing nanometer-scale transistors in state-of-the-
art semiconductor industry (18).However, today,
all fields that useEUVradiation are encumbered
by handling problems that arise from being
limited to reflective or binary optics [e.g., to-

roidal mirrors or Fresnel zone plates; see (19)
for an overview of existing technology]. Here,
we present a newphysicalmechanism formeta-
surface design and demonstrate how linear
metasurfaces can be realized at a wavelength
of 50 nm, thus providing the foundation for
general-purpose transmissive optics technology
for EUV radiation.

Principle of vacuum guiding and
metalens design

In the EUV, the strong absorption of most
materials and their near-unity real part of the
refractive indexes (20) usually prevent effective
refraction or waveguiding. The refractive in-
dexes ofmost dielectrics in the visible spectrum
are determined by electronic transitions in
the ultraviolet, that is, by resonances whose
frequencies are higher than the frequency w
of visible light. In the Drude-Lorentz oscillator
model, this results in a complex refractive index
~n wð Þ ¼ n wð Þ þ ik wð Þ for visible light,with a real
part n ≥ 1, the imaginary unit i, and a negligi-
ble absorption coefficient k. By contrast, EUV
light oscillates faster than these electronic
resonance frequencies, resulting in n ≤ 1 and a
large absorption coefficient k, which renders
conventional transmissive metaoptics design
unfeasible. For the same reason, EUVmanip-
ulationmust rely on reflective glancing-angle
mirrors in vacuum. The concept for metasur-
face design introduced here is visualized in
Fig. 1: In the EUV spectrum, vacuum or air
(n = 1) has a refractive index that is larger than
that of a pillar made from n < 1 material; there-
fore, the pillar cannot guide or confine light.
However, a void or hole (n = 1), that is, the
absence of material, in a layer with mate-
rial index n < 1 can act as a waveguide core
surrounded by a lower-index cladding. There-
fore, truncated waveguide metasurfaces are
possible in the EUV by following an inverted
design scheme that tunes nanohole dimen-
sions instead of the shapes of free-standing
nanostructures.

Materials with n < 1 that can be used to re-
alize such metasurfaces exist throughout the
EUV; for example, aluminum, silicon, and be-
ryllium allow optics for the wavelength range
from 40 to 90 nm; scandium and boron cover
20 to 40 nm; and rhenium, molybdenum, and
zirconium cover 10 to 20 nm. Figure S1 com-
piles the refractive indexes and the trans-
mission of these materials. Because of the
availability of high-brightness laser-driven tin
plasma sources, 13.5 nm is a wavelength of
major importance for semiconductor lithog-
raphy (18). At this wavelength, for example,
ruthenium has the complex refractive index
~n ¼ 0:88þ 0:02i (21).
For the implementation of this concept, we

chose a thin membrane of crystalline silicon
as the base material and a cylindrical hole as
the polarization-independent guiding struc-
ture. These are schematically shown (Fig. 1, A
and C) together with the real part of the silicon
refractive index in the EUV (22) and the trans-
mission through a 220-nm-thick silicon layer
(Fig. 1B). To highlight the vacuum-guiding
behavior of the holes, the simulated intensity
profile of light with a vacuumwavelength of
lvac = 50 nm incident on such a perforated
silicon membrane [80-nm hole diameter in a
square 120-nm–by–120-nm unit cell, periodic
boundary conditions; see section 1 of (19) for
simulation details] is plotted in Fig. 1D: At the
center of the membrane (110 nm after its front
surface), 84% of the energy of an incident plane
wave is transmitted within the hole, whereas
16% of its energy is transmitted in the silicon.
However, the hole only covers 34% of the unit-
cell area. Because most power is transmitted in
vacuum, absorption in silicon is limited, and
the overall transmission is enhanced relative to
that of the unstructured film: An unstructured
220-nm-thick silicon membrane transmits 28%
of incoming 50-nm light. Accounting for the
80-nm-diameter hole using its area coverage
would increase transmission to 52%. Vacuum
guiding increases the transmission further
to 67%.
Although perforations have been used in

nano-optics before, the presented guiding
mechanism is fundamentally different from
antiguiding in holes (23), low-index guiding in
air (24), or hollow-core fibers (25). Furthermore,
the enhancement does not require a periodic
structure, which distinguishes the effect from
extraordinary optical transmission (26).
To realize our EUV metasurface (Fig. 1A),

with full design flexibility to emulate the phase
profile of a desired optical element, we numer-
ically created a library ofmeta-atoms based on
the transmission phase of holes with 20- to
80-nm diameters in a 220-nm-thick silicon
membrane [see section 1 of (19) for simulation
details]. Notably, between wavelengths of 50
and 62 nm, the photon energy–dependent
transmission phase is widely tunable by the
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Fig. 1. Vacuum-guiding enables EUV metalenses. (A) Concept
and simulation of a metalens that is focusing EUV: We impart
the phase profile of an aspheric focusing lens on light pulses
with a vacuum wavelength of 50 nm (purple disks) using
holes through a silicon membrane (rectangular area). Because
the refractive index of silicon is smaller than unity in parts
of the EUV spectrum, holes through silicon concentrate
incoming light. This effect relaxes subwavelength requirements
for creating metasurfaces, allows us to impart a hole size–
dependent phase shift using feature sizes on the order of the
vacuum wavelength, and increases transmission through
the absorbing membrane. The false color plot illustrates this
light concentration in the holes and how the ultraviolet
radiation collapses into a focus after propagating the focal
length. For better visibility, we cut the displayed metasurface
and the light-intensity distribution along a plane that includes
the optical axis. Further simulation details are presented
in Fig. 4. (B) Photon energy–dependent real part of the
refractive index of crystalline silicon [blue line, data from
(22)] in the EUV spectrum and intensity transmission of
a 220-nm-thick silicon membrane (red line). The frequencies
of the bulk wP and surface plasmon wSP are marked in
purple. (C) Schematic and setup for meta-atom simulation:
EUV light (purple arrow) passes through a 220-nm-thick
crystalline silicon membrane (blue) with a hole with diameter
d. We model a single unit cell (120 nm by 120 nm) with
periodic boundary conditions. (D) Finite-difference time-domain simulation of EUV vacuum-guiding through an 80-nm-diameter hole in a 220-nm-thick silicon
membrane. The false color plot shows the transverse beam intensity profile of light with a vacuum wavelength of 50 nm at the midpoint of the silicon membrane along
the propagation direction, that is, 110 nm after the front surface. The hole is indicated as a blue circle. The simulation setup in three dimensions is shown in (C). The
hole covers 34% of the total area; however, 84% of the energy is transmitted within the hole and only 16% of the energy is found in silicon. The intensity decays
exponentially into the silicon cladding because of the refractive index contrast. The overall transmission of the patterned 220-nm-thick silicon membrane is 67%.

Fig. 2. Design and fabrication of an EUV metalens.
(A) Photon energy–dependent transmission phase of holes in a
220-nm-thick silicon membrane (see Fig. 1C for the unit cell),
color coded for different hole sizes. The gray area indicates the
region where hole diameters from 20 to 80 nm offer phase
coverage larger than 1.5p, which is enough to achieve efficient
and diffraction-limited focusing (27). (B) Overall hole diameter–
dependent intensity transmission (purple crosses) and
transmission phase in the forward direction (blue circles) of
the resulting meta-atom library at 50-nm wavelength (25-eV
photon energy). Because the 120-nm–by–120-nm unit-cell size
is comparable to the wavelength, low diffraction orders can
be generated for holes that cause a transmission phase shift
close to p (diameters around 45 nm). When plotting only
the transmission into the zeroth diffraction order (red circles) of
a periodic array of same-diameter holes, this causes a dip
in the transmission. Because hole diameters spatially vary in a
metalens and light from all holes interferes constructively to a focus, the more uniform overall transmission (purple crosses) is a better gauge to judge transmission
uniformity. (C) Target transmission-phase profile (blue line) of a metalens with focal length f = 10 mm at 50-nm wavelength, calculated from Eq. 1 modulo 2p, and
the corresponding matched hole diameter (red circles) using the library of (B) to realize the metalens. (D) Shown at the bottom is a scanning electron microscope (SEM)
picture of a 3-mm–by–0.5-mm portion of the metalens with 1-mm diameter and 10-mm focal length designed for 50-nm wavelength. The position where the picture
was taken on the metalens is marked by the purple arrow in (G). Shown at the top is the design of the metalens in this area [compare with (C)]. (E) Cross section of a
metalens fabricated using the same recipe as the lens in (D) on the silicon-on-insulator carrier wafer obtained using focused-ion-beam milling and SEM. The position
where the picture was taken on the metalens is marked by the purple arrow in (G). (F) Zoomed-out SEM picture of a 34-mm–by–31-mm portion of the metalens.
The position where the picture was taken on the metalens is marked by the green rectangle in (G). The focusing pattern of the metalens is apparent from the ring
segments, which show decreasing width from left to right. Every 10 mm, holes are omitted to increase the stability of the metalens, which is visible as a square scaffolding
pattern. The symmetry of the scaffolding is intentionally different from the symmetry of the metasurface to increase stability. (G) Optical microscope picture of the
final metalens membrane. The metalens (ML) is encircled by the dashed blue line. Because its features are too small to be resolved at this magnification, the metalens
shows a moiré pattern (ring patterns and bright area at the center; an enlarged image is provided in fig. S4). The unpatterned silicon membrane area appears
solid gray (encircled by the dashed red line). Areas with a remaining buried oxide layer appear red and green because of thin-film interference (encircled by the dashed
yellow line). The silicon carrier wafer appears black.
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hole diameter and offers more than 1.5p trans-
mission phase coverage with an average trans-
mission of 40% at 50 nm (see Fig. 2A for the
photon energy–dependent transmission phase,
Fig. 2B for the transmission and transmission
phase at 50nm, and fig. S2 for thephotonenergy
dependent transmission). This transmission-
phase coverage is enough to achieve efficient
and diffraction-limited focusing, as explored,
for example, in (27). Themetasurface unit cell
is shown in Fig. 1C, and the corresponding
library is shown in Fig. 2B.

Experimental results

To experimentally prove that the vacuum-
guiding concept yields viable EUVmetalenses,
we forward-designed a focusing EUVmetasur-
face bymimicking thewavelength-dependent
transverse hyperbolic phase profile (28)

ϕ r; lvacð Þ ¼ � 2p
lvac

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ f 2

p
� f

� �
ð1Þ

of an aspheric lenswith focal length f= 10mm
in vacuumat transverse position r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

(x and y are the cartesian coordinates centered
at the beam axis). This analog phase profile
is matched by a simulated digital phase profile
(sampled at positions x, y; x = kDx; y = lDy;
k; l ∈ ℤ; and Dx = Dy = 120 nm; k and l are
integer indexes) using the hole library (Fig.
2B), yielding a recipe for the required hole-
diameter distribution (Fig. 2C). The metalens
is designed for a central vacuumwavelength of
lvac = 50 nm, where silicon features a refractive
index ~n ¼ 0:77 þ 0:02i. The smaller-than-unity
real part at this wavelength partially relaxes the
necessity for true subwavelength patterning,
which facilitates themanufacturing of themeta-
optical element. In the given implementation,
themaximum feature size (80 nm) andunit cell
size (120 nm) correspond to 1.2 and 1.8 times
the inside-silicon wavelength lSi, respectively.
Although this does not entirely prevent the for-
mation of lowdiffraction orders that contain up
to 53% of the transmitted light, it still allows the
realization of numerical apertures up toNA <
lvac
2Dx ¼ 0:2 following the Nyquist theorem (29).
The demonstration sample, a free-standing

metalens with a 1-mm diameter (numerical
aperture NAmax = 0.05), is realized from silicon-
on-insulator wafers [see section 2 of (19) and
fig. S3 for fabrication details]. Figure 2, D andF,
shows scanning-electronmicroscopy pictures
of the final sample after metasurface etching
but before membrane isolation. Figure 2G
shows a lightmicroscopy picture of the finished
membrane, with thin-film interference colors
confirming the complete removal of the buried
oxide layer in the lens area. We achieved the
designed hole diameters (see Fig. 2D) using
bothdiameter-dependent electronbeam lithog-
raphydoses anddiameter-dependent fabrication
offsets [see section2 of (19)]. A focused-ion-beam
cut (Fig. 2E) through a sample reveals holes
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Fig. 3. Experimental demonstration of EUV metalens focusing. (A) An intense near-infrared femtosecond
laser pulse (red arrow and area) is focused into an argon gas target (green) to generate an attosecond
pulse train (purple arrow and area) by high-harmonic generation. Near-infrared radiation is blocked using
an aluminum filter foil (gray). The attosecond pulse train is then focused using the metalens (blue) pictured
in Fig. 2. At the position of the focus along the propagation direction (marked z), a knife-edge scan is
performed using a razor blade mounted on a piezo stage moving along the transverse beam direction
(marked x). Afterward, the attosecond pulse train’s spectral components are split using a grazing incidence
toroidal grating, and the focal plane is imaged on a charge-coupled device (CCD) camera. (B) EUV beam
profile after the metasurface (false color plot) at 25.3-eV photon energy (21st harmonic of the driving laser at
1030-nm wavelength) detected by the CCD. For comparison, we repeat the outlines from the microscopy
image in Fig. 2G: The dashed blue line marks the metasurface, and the dashed red line marks the
unpatterned silicon area. The granular structure with low intensity is already present in the incoming beam
profile, which is plotted in fig. S5. The focal spot created by the metalens, which is imaged onto the
CCD using the toroidal grating, is marked by the green dashed rectangle. It appears larger than the real focus
because of the limited numerical aperture of the toroidal grating and aberrations caused by the imaging
system. (C) Knife-edge scans for different positions along the propagation direction of the metasurface-
focused beam [movement direction marked z in (A)]. The colored lines show the knife position–dependent
[movement direction marked x in (A)] integrated photon flux detected by the CCD camera in the focus
area. As the razor blade moves into the focus, it blocks part of the transmitted radiation and decreases the
transmitted flux. A large negative derivative of the flux represents a small focus. The error bars represent
the standard deviation of three measurements. The black lines are least-squares fits to the data assuming a
Gaussian focus profile. (D) Same as (C) but in close proximity to the focus. The error bars represent
the standard deviation of 10 measurements. (E) Propagation direction–dependent waist sizes extracted from
the fits in (C) and (D) (blue dots). The error bars represent the 95% confidence interval. The red line
is a fit to the waist sizes assuming Gaussian beam propagation. The inset shows a zoomed-in view of the
propagation direction–dependent waist size close to the focus [extracted only from the fits in (D)]. The
minimum waist sizes reported in the text are marked by the black arrow.
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with square sidewalls and a partial etch of the
smallest diameter holes. Because of the small
transmission-phase difference between amem-
brane with small holes and a solid membrane
(see Fig. 2B), the resultingphase error is smaller
than 0.1p and can be corrected during meta-
atom library calculation.
For experimental verification of the focusing

power of themetalens, we generated diverging
EUV attosecond pulse trains through near-
infrared femtosecond laser pulse–driven high-
harmonic generation in argon gas (30–32)
[Fig. 3A and section 3 of (19)]. The frequency
up-conversion extends up to the 35th order
(42.1-eV photon energy, 29-nm wavelength) of
the driving laser pulses (1.2-eV photon energy,
1030-nmwavelength), with spectral power con-
centrated around the laser’s odd harmonics. A
toroidal EUV grating disperses the spectral
components of the attosecond pulse train and
creates a frequency-resolved image of the focal
plane on an EUV-sensitive camera where the
metasurface’s effect at the design wavelength
can be inspected.
Figure 3B shows the beam profile at the focal

plane of themetalens of the 21st harmonic with
25.3-eV photon energy and 49-nm wavelength
(close to the design wavelength of the optics).
The outline of the circular metasurface (dashed
blue line) and features caused by the remaining
silica aperture (dashed red and yellow lines;
compare with Fig. 2G and fig. S4) are also vis-
ible. The bright focal spot at the metasurface
center (dashed green line) presents experi-
mental evidence for the viability of the EUV
metalens to focus incident light.
Because the grazing incidence toroidal im-

aging grating provides a considerably smaller

numerical aperture than themetasurface and
introduces aberrations and astigmatism, the
obtained image does not determine the focal
spot diameter and underestimates the focus-
ing power of the optical element. To deter-
mine the real focal spot size produced by the
metasurface, we implemented a knife-edge
scan [see Fig. 3A and (33)], where part of the
focused beam in the focal plane is gradual-
ly blocked by a razor blade translated along
the x direction indicated in Fig. 3A and the
position-dependent transmitted intensity is
recorded. As focusing concentrates the beam
intensity along the transverse direction, the
negative spatial derivative of the recorded
x-dependent intensity reveals the beam pro-
file. Figure 3, C and D, displays scan results
for different planes along the propagation di-
rection around the focus. Figure 3D includes
a knife-edge scan that features a maximum
negative spatial derivative, which is indic-
ative of the focal plane. Under the assump-
tion of a cylindrically symmetric Gaussian
beam, the corresponding beam size is ex-
tracted by fitting an error function to the data
at each position along the propagation direc-
tion (Fig. 3E) (33).
We observe that the metasurface focuses

the illuminating beam to aminimumwaist of
wmetasurface

0 = 0.7 ± 0.3 mm [all reported waists
w aremeasured using the 1/e2 intensity, that is,
I r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p ¼ w

� � ¼ I r ¼ 0ð Þ=e2]. Using
the Rayleigh-Sommerfeld diffraction integral
(34), we calculated the minimum achieva-
ble waistwdiffractionlimit

0 = 0.45 mm, assuming
diffraction-limited focusing of our incoming
beam (see fig. S5), which highlights that the
metalens already performs within 1.6 times of

the diffraction limit. For further comparison,
themeasured propagation distance–dependent
waist sizew(z) can be fitted to that of a focused
Gaussian beam with minimum waist w0 (35)
in vacuum:

w zð Þ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zlvac

pw2
0

� �2
s

ð2Þ

The fit (see Fig. 3E) suggests aminimumpos-
sible waist size of wmetasurface

0 = 0.56 ± 0.03 mm,
which is even closer to the diffraction limit.
Both results overlap within the experimental
uncertainty. We attribute the deviation from
the diffraction limit to imperfections in the
EUV beam guiding and filtering optics and
possible residual corrugations of the silicon
membrane. For comparison, achieving similar
spot sizes using the near-infrared driving laser
would require close-to-unity numerical aper-
tures; in the EUV, only a numerical aperture of
0.05 is required (36).
Aside from the focusing power, the transmis-

sion properties are crucial for future applica-
tions. Photons with wavelengths shorter than
100 nm possess enough energy to overcome
the bandgap of all known dielectrics; there-
fore, large absorption is unavoidable (37). None-
theless, owing to the vacuum guiding concept,
our sample transmits more than 10% of all
incoming 49-nm light and focuses 48% of the
transmitted 49-nm light, which limits the root-
mean-squared metalens wavefront error (38)
due to fabrication accuracy to lvac/10 [lvac =
49 nm; see section 4 of (19) for details]. Such
fine-granular phase control not only is a pre-
requisite for focusing but also opens the door
for the future demonstration of optical angular
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Fig. 4. Finite-difference time-domain modeling and benefits of an EUV
metalens. (A) Target transverse-phase profile (blue line) of a diffraction-limited
metalens (focusing length f = 10 mm, size 6 mm by 6 mm) designed for incoming
light with 50-nm wavelength (25-eV photon energy) and sampling of this
phase profile with the library presented in Fig. 2 (green crosses). As a comparison,
the transmission profile of a binary intensity Fresnel zone plate with the
same numerical aperture, focal length, and size is also shown (red line). (B) On
the left is a two-dimensional design of a metasurface that realizes the phase
profile in (A). White areas represent a 220-nm-thick silicon membrane, and
blue areas represent holes through the silicon membrane. On the right is a
two-dimensional design of a binary intensity Fresnel zone plate that realizes the

transmission profile in (A). White areas are perfectly transmitting, and red
areas are perfectly absorbing. (C) Modeled transverse intensity cuts through
the focus generated by the metasurface (blue dashed line) and the zone plate
in (B) (red line) for incoming light with 50-nm wavelength (25-eV photon
energy) and illumination by a Gaussian beam with a 2-mm waist. The zone-plate
focus has characteristic side lobes that are not present in the metasurface
focus. (D) Shown on the left is the modeled light-intensity evolution (false color
plot) after the metasurface pictured in (B) focuses the Gaussian beam
described in the caption of (C). Shown on the right is the modeled light-
intensity evolution (false color plot) after the zone plate pictured in (B) focuses
the same Gaussian beam.
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momentum plates and general holograms at
EUV wavelengths.

Simulation of Nyquist-limited focusing

To further explore the potential of EUV meta-
lenses, we investigated ametalens design with
focal length f = 10 mm and overall optics di-
ameter d = 6 mm (see Fig. 4A for the phase
profile and Fig. 4B for the final design). We
then simulated the focusing of a linearly po-
larized Gaussian beam using finite-difference
time-domain modeling [illuminating Gaussian
beam waist willum: = 2 mm, and effective nu-

merical aperture NAeff ¼ sin tan�1 willum:

f

� �h i
≈

willum:

f ¼ 0:2 (36), which corresponds to themax-
imum realizable numerical aperture given by
theNyquist sampling theorem and our unit cell
size (29); see section 1 of (19) for simulation
details].
Figure 4D shows the formation of the meta-

surface focus. Evenunder these challenging con-
ditions, themetasurface focus closely approaches
the diffraction limit (wdiffractionlimit

0 = 85 nm)
with a minimum beam waist wmetasurface

0 =
94 nm. The metalens focusing properties for a
light pulse with extended bandwidth are ex-
plored in section 5 of (19) and fig. S6.Having the
unit cell size be of the order of the design wave-
length causes diffraction of ~53% of the inci-
dent power away from the beam axis into the
diffraction orders of the quasi-periodic unit-cell
arrangement. Adding an unpatterned layer of
silicon with a refractive index n = 0.77 and a
thickness on the order of half a wavelength after
the metalens changes the grating condition in
transmission andwould prevent the creation of
most of these propagating diffraction orders [be-
cause it limits the grating indices p; q ∈ ℤ that
satisfy the transverse momentum wavevector

condition nk0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pp
Dx

� �2 þ 2pq
Dy

� �2
þ nkzð Þ2

r
,

with the overall momentum k0 and the mo-
mentum along the layer normal kz].
For thorough comparison, we alsomodeled

the focal profile of a binary absorption zone
platewith equal numerical aperture (see Fig. 4A
for the absorption profile and Fig. 4B for the
design). The juxtaposition of the focal profiles
generated by the zone plate and the metalens
shown in Fig. 4D highlights notable differences
in focus quality and corroborates the benefit
of the innovativemetalens. A comparisonwith
state-of-the-art technology [see (39) for a zone
plate with comparable outermost zone width
and section 6 of (19) for a summary of EUV
focusing optics] highlights that the zone plate
creates side lobes in its focal plane, which is an
unavoidable property of zone plate foci (40).
By contrast, because the metasurface realizes
the focusing phase profile accurately by sup-
pressing spherical aberrations, no sidelobes are
visible. Furthermore, because vacuum guiding
decreases absorption and no energy is lost to

sidelobes, themaximum intensity in themeta-
surface focus exceeds that of the zone plate by
9%. The transverse focal cuts in Fig. 4C high-
light this behavior: Unwanted features present
in the focal plane are suppressed bymore than
10 dB for the metasurface compared with the
zone plate.

Concluding remarks

The transfer of metasurface technology, with
its associated superior design freedom to the
EUV spectral region, provides a general route
to manufacture transmissive optics in this fre-
quency range. This capability should lead to
applications such as microscopy with unprec-
edented spatial and temporal resolution, orbital
angular momentum beams with ultrahigh fre-
quency, and structured light that has direct
access to core-level electronic transitions in
atoms and molecules. EUV lithography has
become the main enabling fabrication tech-
nology that allows us to keep upwithMoore’s
law (18); conversely,metasurface-based optics
can be fabricated with deep ultraviolet lithog-
raphy in the same semiconductor foundries
of mainstream complementary metal-oxide-
semiconductor (CMOS) technology (27). This
convergence of semiconductor-processing tech-
nology and optics will expand to the realization
of metaoptics using EUV lithography, further
shrinking feature sizes and increasing the
complexity of nanostructure shapes. In turn,
with metasurfaces operating in the EUV, they
will enable a new generation of lithography
optics.
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Extreme ultraviolet metalens by vacuum guiding
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Pushing metalenses to extremes
The fields of ultrafast spectroscopy and semiconductor photolithography rely on very short wavelengths, typically in
the extreme ultraviolet (EUV) realm. However, most optical materials strongly absorb light in this wavelength regime,
resulting in a lack of generally available transmissive components. Ossiander et al. designed and fabricated a metalens
in which a carefully engineered array of holes in a thin silicon membrane focuses ultrafast EUV pulses close to the
diffraction limit by “vacuum guiding.” The results open up transmissive optics to the EUV regime. —ISO
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