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Materials and Methods 
 

1 Rigorous coupled wave analysis and finite-difference time-domain simulations 
We use refractive index data for extreme ultraviolet radiation (EUV) distributed with the IMD 

software package (21). For this project, specifically, we used crystalline Silicon data reported by 
Edwards, Palik, and Ghosh (22). To obtain metaatom libraries, we calculate the hole-diameter 
dependent transmission phases for different square unit cell sizes using rigorous coupled-wave 
analysis (S4 (42)). To model full-device performance, we simulate a Gaussian beam incident on 
the perforated silicon membrane and a three-wavelength-thick vacuum spacer region before and 
after the membrane using finite-difference time-domain modeling (Ansys Lumerical FDTD). In 
this region, all near-fields decay, thus, we model the subsequent evolution using Rayleigh-
Sommerfeld diffraction. 

 
2 Fabrication 

To allow fabrication of our metasurface, we require a minimum hole diameter of 20 nm and 
at least 40 nm distance between neighboring holes to retain membrane stability. To increase the 
stability of our membrane further, we omit holes in our design on a 1 um thick scaffolding grid 
spaced by 10 x 10 um (see Fig. 2F). The omission of holes does not limit the achievable focal spot 
but slightly decreases the efficiency (27). The fabrication of holes with accurate sub-100 nm 
diameter is challenging, therefore, we separate all holes into six groups using their diameter (20-
30 nm, 30-40 nm, 40-50 nm, 50-60 nm, 60-70 nm, 70-80 nm) and use a different exposure dose 
and fabrication offset (i.e., the diameter we write during lithography is different than the diameter 
of the final etched hole) for each group. 

The fabrication process is illustrated in Fig. S3: we start with a silicon-on-insulator wafer 
with a 220 nm thick silicon device layer, 3 um thick buried oxide layer, and 725 um thick silicon 
carrier layer. We deposit a silica hard mask layer using plasma-enhanced chemical vapor 
deposition (Surface Technology Systems). We then spin-coat a positive tone resist 
(MicroChemicals GmbH, AZ 4620) and expose marker structures using a maskless aligner 
(Heidelberg Instruments Mikrotechnik GmbH, MLA150). After development (MicroChemicals 
GmbH, AZ 400K) we etch the marker structures through the entire wafer (SPTS Technologies, 
Omega LPX Rapier) using reactive ion etching. In the following, we use the markers to align front 
and back side structures. We then spin-coat a layer of positive electron beam lithography resist 
(Zeon Corporation, ZEP520A). We then expose the metalens pattern using electron-beam 
lithography (Elionix, HS-50) and develop (o-Xylene). Subsequently, we transfer the metalens 
pattern first to the silica hard mask layer using inductively coupled plasma reactive ion etching 
(Surface Technology Systems, ICP RIE) and then to the silicon device layer using non-Bosch 
reactive ion etching (SPTS Technologies, Omega LPX Rapier). We then remove the silica hard 
mask layer using buffered Hydrofluoric acid. After defining the metalens pattern, we define the 
membrane area on the backside of the wafer using a spin-coated positive photoresist layer 
(MicroChemicals GmbH, AZ 4620) and a maskless aligner (Heidelberg Instruments Mikrotechnik 
GmbH, MLA150). After exposure and development (MicroChemicals GmbH, AZ 400K), we etch 
away the silicon carrier layer (SPTS Technologies, Omega LPX Rapier). To protect the thin 
membrane, we stop as soon as we can see the metasurface. This can leave behind a few microns 
of carrier silicon (less than 1 % of the initial thickness) at the bottom edges of the hole. We then 
remove the buried oxide layer by dripping hydrofluoric acid on the sample. Again, we stop the 
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process as soon as the metasurface is uncovered. The non-uniform black pattern in Fig. S4 is 
remaining silicon at the bottom edges of the hole with the bubble-shaped edges caused by the wet 
etch. As long as the entire metasurface is uncovered, we do not further remove it. The hydrofluoric 
acid wet etch also minimizes the formation of a silicon native oxide which strongly absorbs EUV 
(43). 

The presented concept and simulations can be transferred directly to shorter wavelengths. 
However, as other materials must be used (e.g., for 13.5 nm wavelength, palladium, rhenium, or 
ruthenium), the fabrication recipe must be adapted. The electron beam lithography step is 
challenging for the feature pitches and sizes required at 13.5 nm wavelength but within the 
manufacturer specifications of available tools. As shorter wavelengths require less material 
thickness for a 2π phase shift, the required holes’ aspect ratios are similar and thus the etch process 
remains achievable. If the membrane thickness gets too thin to support itself, an unpatterned 
support can be added (e.g., a thin silicon membrane at 13.5 nm wavelength). 

 
3 Laser System, high-harmonic-generation, and measurement setup. 

We start with femtosecond pulses (1 mJ energy, 6 kHz repetition rate, 161 fs full-width-at-
half-maximum pulse duration, 1030 nm wavelength) from an ytterbium-based and diode-pumped 
laser (Light Conversion, UAB, Pharos). In a high-vacuum environment, we focus these laser pulses 
(f = 25 cm) into an invar tube filled with argon gas to create an EUV attosecond pulse train via 
HHG. We adjust the argon pressure to achieve phase matching between the fundamental driving 
pulses and radiation generated at 25 eV photon energy (approx. 10 mbar argon pressure). The final 
HHG radiation contains spectral components from the fundamental photon energy to above 40 eV. 
We then route the generated radiation to the metasurface using an uncoated gold mirror (Thorlabs, 
Inc.) and filter spectral components below 20 eV photon energy using a 0.5 um thick aluminum 
foil (Lebow Co.). After the metasurface, we perform a knife-edge scan using a razor blade mounted 
on a piezo nanopositioner (Piezosystem Jena GmbH). We then disperse the transmitted radiation 
spectrally using a toroidal grating (450 lines per mm, 153 mm focal length, 8 mm usable aperture, 
Horiba, Ltd., 541 00 200) and detect radiation using a back-thinned charge-coupled-device camera 
(Greateyes GmbH, GE 1024 256 BI UV1) protected by an additional 0.5 um thick aluminum foil. 

 
4 Efficiency determination 

To evaluate the efficiency of the EUV metalens, we compare the incoming photon flux in the 
region of the metasurface 𝛷incoming (area marked by the blue dashed circle in Fig. S5), the entire 
photon flux transmitted through the sample 𝛷transmitted , and the photon flux change ∆𝛷knife edge 
recorded in the knife edge scan with the knife retracted and blocking the focus (see Fig. S5C). To 
determine the fraction of light not influenced by the metasurface we subtract the detected focused 
light ∆𝛷knife edge from the entire photon flux transmitted through the sample 𝛷transmitted . Because 
the inserted razorblade only covers 0.6% more of the metasurface area than the retracted 
razorblade, we neglect its influence on the detected background field. Light lost to grating effects 
is diffracted to large angles and is never detected and not included in the overall transmission, the 
background field, or the focused intensity. 

Furthermore, because the numerical aperture of the imaging grating is smaller than that of 
our metasurface, some light that is focused by the metalens is not detected. To estimate the 
collection efficiency, we use the measured beam profile (Fig. S5) and project it into the grating 
plane along the propagation direction using the focal distance of the metalens, the distance between 
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the metalens and the grating, and the effective free aperture of the grazing incidence imaging 
grating. We find that ≈ 14% of the focused radiation is collected by the imaging grating and 
correct ∆𝛷knife edge to obtain 𝛷focused. We find the ratios 
 

𝛷transmitted

𝛷incoming = 11%, 𝛷focused

𝛷transmitted = 48%, and 𝛷focused

𝛷incoming = 5.5%. 
 

The theoretically predicted average metaatom transmission (see purple crosses in Fig. 2B) is 
40 %. As discussed in the main manuscript (see Simulation of Nyquist-limited focusing), with the 
current unit cell configuration, we expect to lose about 53 % of the transmitted power to low-order 

diffraction, yielding (𝛷transmitted

𝛷incoming )
theory

= 19 %. If we furthermore include 25% absorption in a 2 

nm thick native silicon oxide, we expect (𝛷transmitted

𝛷incoming )
theory,2 nm oxide

= 14 %, comparable to the 

observed 𝛷
transmitted

𝛷incoming = 11 %. 
To estimate the wavefront accuracy of the metalens from the focusing efficiency, we solve 

the Rayleigh Sommerfeld diffraction integral (34) for an incoming Gaussian beam focused by the 
phase profile of a diffraction-limited lens. This phase profile is modified by wavefront errors 
caused by a) the areas where holes are omitted to mechanically stabilize the metasurface (compare 
with Fig. 2F), b) the phase coverage being limited to 1.5 π, and c) fabrication accuracy. 48 % 
focusing efficiency is caused by a root mean squared (RMS) wavefront error of 𝜆vac/7.3 (𝜆vac =
49.0 nm). The omitted-hole areas alone cause an RMS wavefront error of 𝜆vac/11.0. The limited 
phase coverage alone causes an RMS wavefront error of 𝜆vac/27.9. Together, both yield an RMS 
wavefront error of 𝜆vac/10.3. Therefore, to explain the recorded focusing efficiency, we calculate 
an RMS wavefront error due to fabrication accuracy of 𝜆vac/10.0. 

 
5 Focusing over an extended bandwidth. 

The metalens also focuses light away from the design wavelength. Solving equation (1) for 𝑓 
yields: 

 

𝑓 =
𝜆vac 𝜑

4𝜋 −
𝑟2𝜋

𝜑𝜆vac
≈ −

𝑟2𝜋
𝜑𝜆vac

. 
 

For numerical apertures smaller than 0.2, the second term dominates, and we can approximate 
the hyperbolic phase profile with a quadratic phase profile with less than 1% error. The exact phase 
𝜑 imparted by a hole changes with the wavelength. However, the positions within a metalens at 
which holes with the same diameters occur (i.e., the radial zones in which the phase increases from 
0 to 2π) remain the same. Therefore, for off-design wavelengths 𝜆vac, the focal length 𝑓(𝜆vac) will 
shift compared to the design wavelength 𝜆vac

design and design focal length 𝑓design according to: 
 

𝑓(𝜆vac) ≈ 𝑓design 𝜆vac
design

𝜆vac
. 

 

High bandwidth is often required by applications with time resolution. As a test, we choose 
2 eV bandwidth (supporting pulse durations down to 0.9 fs). Fig. S6 presents the focus of the 
metalens examined in Fig. 4 of the manuscript for light with 24, 25, and 26 eV photon energy. We 
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observe a clean focus over the entire bandwidth, with a focal shift less than the Rayleigh range, 
suggesting metalenses are applicable to ultrashort light pulses. 

However, for photon energies far away from the design energy, the phase coverage within a 
zone will start deviating significantly from 2π. A simulation for 30 eV photon energy in Fig. S6D 
shows the effects: the focusing efficiency drops, sidelobes around the focus appear, and grating 
effects worsen. 

 
6 Optics for EUV and soft x-rays 

Due to the strong absorption of all materials, most state-of-the-art EUV optics, e.g., spherical 
and toroidal mirrors, Kirkpatrick-Baez doublets, and polycapillary optics (44–50) rely on 
reflection. Acceptable reflectivities are often only achievable for light with grazing incidence, 
which demands bulky optics. Together with requirements for high-quality surfaces, low wavefront 
errors, and specialized metallic and multilayer coatings (51, 52), this limits achievable numerical 
apertures and aggravates cost. As transmissive optics, absorptive Fresnel zone plates (53) have 
been demonstrated. The lack of usable optics also led to the exploration and demonstration of EUV 
focusing via gas plumes of resonant atoms (54) and preconditioning driving radiation and 
subsequent nonlinear frequency upconversion (55). In the soft x-ray spectrum (photon wavelength 
range 0.1 nm - 10 nm, photon energy range 124 eV - 12 keV (16)), material limitations - especially 
absorption - are partially relieved, and focusing can be achieved using refractive kinoform lenses 
(56, 57), few-step phase zone plated (58) and photon sieves (59). Furthermore, reflective binary 
phase control was demonstrated but with many-wavelength large feature sizes (60–62). 
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Fig. S1. Refractive indices of different materials in the EUV. 
The wavelength-dependent real part of the refractive index is plotted as solid lines. Realizing a 
metasurface requires tuning the transmission phase within its limited thickness. The effective 
refractive index of a waveguide usually lies between the refractive index of the core (in this case 
vacuum, 𝑛 = 1) and the cladding (𝑛 < 1). Therefore, the transmission of a solid layer of material 
with a thickness that induces a 2π propagation phase shift compared to propagation through the 
same thickness of vacuum yields a lower limit for the transmission of realizable metaatoms. We 
plot the transmission of layers of the respective materials at this 2π propagation phase thickness as 
dotted lines. Data is only displayed in spectral regions where the transmission at this 2π 
propagation phase thickness is larger than 10%. Data was taken from (21).  
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Fig. S2. Energy-dependent extreme ultraviolet transmission through a perforated 
membrane in the forward direction. 
(A) simulation setup: we model the transmission of extreme ultraviolet light (purple arrow) passing 
through a 220 nm thick crystalline silicon membrane (blue) with a hole with diameter d. We model 
a single 120 nm x 120 nm unit cell with periodic boundary conditions. 
(B) photon energy and hole diameter-dependent transmission phase (colored lines, see the color 
bar in panel (C)) of the 220 nm thick Silicon membrane with a hole. The grey area indicates the 
region where hole diameters from 20 nm to 80 nm offer phase coverage larger than 1.5 π. 
(C) photon energy and hole diameter-dependent intensity transmission into the zeroth diffraction 
order (colored lines) of the 220 nm thick silicon membrane with a hole. 
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Fig. S3. Extreme ultraviolet metasurface fabrication (not to scale) 
The base material is a silicon-on-insulator (SOI) wafer, consisting of a 220 nm device layer 
(silicon, purple), a 3 um buried oxide layer (silica, blue), and a 725 um carrier wafer (silicon, 
purple). A silica hard mask (blue) is deposited via chemical vapor deposition. The sample is spin-
coated with a positive tone resist (green) and marker structures (yellow) are exposed using optical 
lithography. The exposed resist is removed using developer, and the entire wafer is etched away 
in these areas using reactive ion etching to create markers for aligning front and back side 
structures. Remaining resist is removed. Then, a positive tone electron beam lithography resist 
(green) and a conductive polymer (pink) are spin-coated. The metasurface pattern is written 
(yellow) using electron beam lithography, then the conductive polymer and the exposed resist are 
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removed using water and developer. The pattern is first etched through the hard mask and then 
through the device layer using reactive ion etching. The hard mask is removed using buffered 
Hydrofluoric acid. To create a free-standing membrane, positive tone resist is spin-coated on the 
back side of the sample (green), and the metasurface area is exposed using optical lithography 
(yellow). The exposed resist is removed using developer, and the Silicon carrier wafer is etched 
away in this area using reactive ion etching. Finally, the remaining resist is removed, and the buried 
oxide layer is etched away in the same area using buffered hydrofluoric acid.  
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Fig. S4. Optical-microscope pictures of the final metalens membrane.  
(A) With the overlay reproduced from Fig. 2G and Fig. 3B: the metasurface lens (ML) is encircled 
by the dashed blue line. Because the metalens features are too small to be resolved at this 
magnification, it shows a moiré pattern (ring patterns and bright area at the center). The 
unpatterned silicon membrane area appears solid grey (encircled by the dashed red line). Areas 
with remaining buried oxide layer appear red and green due to thin-film interference (encircled by 
the dashed yellow line). The silicon carrier wafer appears black. 
(B) The same picture without the overlay. 
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Fig. S5. Real space images of the experimental metalens focal plane. 
(A) incoming extreme ultraviolet beam profile (false color plot) at 25.3 eV photon energy (21st 
harmonic of the driving laser at 1030 nm wavelength) detected by the CCD. The dashed blue line 
marks the circumference of the metasurface (not inserted into the beam in this panel). Color bar in 
panel (C). 
(B) extreme ultraviolet beam profile after the metasurface (false color plot) at 25.3 eV photon 
energy detected by the CCD. The dashed blue line marks the circumference of the metasurface. 
Color bar in panel (C), the photon flux was multiplied by a factor of 3 when compared with panel 
(A). This does not mean the focused intensity is smaller than the incoming beam intensity: because 
the imaging grating has a smaller numerical aperture than the metalens, only 14 % of the focused 
light is collected. Furthermore, aberrations caused by using a grazing incidence toroidal imaging 
grating enlarge the observed focus compared to the real focus. The focal spot size measured using 
the knife-edge scan is considerably smaller than a single pixel of our CCD camera and yields an 
intensity enhancement in the focus of more than 27000. 
(C) extreme ultraviolet fraction detected by the CCD that was focused by the metasurface (false 
color plot). We isolate focused radiation by subtracting a picture taken with the razor blade 
obstructing the focus from a picture without the razor blade blocking the focus. The dashed blue 
line marks the circumference of the metasurface. The dashed green line marks the light focused by 
the metalens. The photon flux was multiplied by a factor of 3 when compared with panel (A). 
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Fig. S6. Focusing over an extended bandwidth. 
(A) modeled light intensity evolution (false color plot) after the metasurface pictured in Fig. 4B 
focuses light with 24 eV photon energy. Color bar in panel (D). 
(B) same as (A) for 25 eV photon energy. 
(C) same as (A) for 26 eV photon energy. 
(D) same as (A) for 30 eV photon energy. 
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