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Section I: Theoretical design of the meta-atom

The design of multifunctional metasurfaces includes several steps: selection of the constituent material,
development of the meta-atom design, calculation of the required phase profile, and preparation of the
metasurface layout. A summary of the process flow is shown in Figure S1. Zinc oxide (ZnO) was chosen
as the nonlinear medium for the second harmonic generation (SHG) of 197-nm vacuum ultraviolet (VUV)
light in this work. In our previous work, it has been shown that nanopatterned ZnO serves as a suitable
artificial nonlinear device for SHG of VUV light (38). To realize a metasurfaces capable of both generating
and controlling VUV light, several requirements in the meta-atom design need to be carefully tailored,
including the resonance mode, structural symmetry, as well as the relationship of the localized phase versus
the geometric parameters of a meta-atom. To achieve these multiple goals, we introduced two theories into
the design of the meta-atom: the nonlinear selection rule and the nonlinear geometric phase (40). According
to the selection rule for nonlinear media under circularly polarized illumination, the rotational symmetry of

the meta-atom is only allowed to have certain values:

n=qxl+1 (1)

Where 7 is the order of the nonlinearity, ¢ is the rotational symmetry of the meta-atom, / is an integer. In
our work, for SHG (n = 2) and the following consideration based on the nonlinear geometric phase, we

chose the rotational symmetry (g) to be equal to three.



Step 1: Meta-atom design

s Selection of the nonlinear material: ZnO
e Target 1: SHG of VUV light

* Target 2: To access a full 2it phase control
¢ Excitation: 394 nm, circularly polarized

Step 2: Phase profile calculation
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) Step 3: Layout for the nanofabrication

{ * Arranging the meta-atom according to the desired phase profile
# * Generating the layout for the following nanofabrication

Fig. S1. Process for the design of the nonlinear metalens. The nonlinear metalens design can be divided
into three main steps: design of the meta-atom, calculation of the phase profile for the targeted
functionalities, and the preparation of the layouts.

To achieve full 2x phase modulation of the generated VUV harmonic wave, the concept of the
nonlinear geometric phase was used. According to nonlinear geometric phase theory, under circularly
polarized illumination, the nonlinear polarizability in meta-atoms with C3 rotational symmetry is
proportional to e™*D® where 6 is the rotation angle of the meta-atom. Therefore, by combining the
theories, we can access a full 2z phase control for the VUV light by gradually rotating the C3-symmetric
meta-atom. Notably, although there are several C3-symmetric meta-atoms that have been used for SHG of
visible light, including Y-shaped antennas and triangle-shaped holes, we chose nanotriangles as our unit
cell. This is because they provide better field confinement inside the dielectric meta-atoms at the resonance,
which boosts the light-matter interaction between the fundamental light and the nonlinear medium ZnO.

With the nonlinear selection rule and the nonlinear geometric phase requirements in place, the

design of the meta-atom involves linear and nonlinear electromagnetic simulations using the Finite Element



Method (COMSOL multiphysics 5.4). The meta-atom was designed to exhibit a magnetic dipole resonance
(Figure 1C in the main text) at the fundamental wavelength (394 nm) under circularly polarized illumination
to provide field enhancement inside the ZnO nanotriangles.

The ZnO meta-atoms were modeled as triangular pillars with an edge length of 205 nm and a height
of 150 nm. 10 nm rounding was added to the triangle corners in the xy plane. A circularly polarized plane
wave excitation was propagated from the glass substrate side of the metasurface. Perfectly matched layers
were applied in the vertical direction to prevent artificial reflection. To model a periodic meta-atom array,
the simulation region was set to represent a unit cell of the hexagonal lattice. Periodic boundary conditions
were also applied in the horizontal directions. The refractive index of soda-lime glass was set to be 1.5. We
adopted the refractive index data of ZnO from the ellipsometry measurements (Spectroscopic Ellipsometer,
HORIBA). As in our previous work (38), we multiplied the reported value of ZnO by a factor of 1.2 to
account for the refractive index variation due to different preparation methods. A two-step method was used
to calculate both the linear mode analysis and nonlinear transmission from the resonator array. In the first
step, a linear simulation at the fundamental wavelength was performed to obtain the field profile within the
ZnO nano-resonator under normal circularly polarized plane wave illumination from the glass side. The
relative strength of the induced dipole moments contributing to the far field radiation was then calculated
with a standard mode decomposition technique. In the second step, linear simulations with both left and
right-hand circularly polarized (defined from source view) normal illumination, from the air side, were
performed at the SHG wavelength. The field profiles of the nano-resonators at the fundamental and the
second harmonic wavelength were then used to calculate the far field second harmonic emission for both
handednesses following the Lorentz reciprocity theorem (57). To obtain the relationship between the far-
field second harmonic emission and the nano-resonator rotation, we rotated the resonators in the simulated
array uniformly with eight different angles ranging from 0 to 2n/3 and calculated the corresponding second
harmonic emission phase and amplitude (Supplementary Table 1). However, in the previous investigation
(38), the SHG of dielectric metasurfaces are found to be insensitive to the absorptive surrounding materials

as the energy is strongly confined in the Mie-type nano-resonators at the fundamental and harmonic



wavelengths. In simulation, VUV light absorption in the soda-lime glass substrate and a refractive index
shift for the substrate at 197nm have only a moderate effect on the performance of the metalens. Therefore,
the n and & of the glass substrate are set as 1.5 and 0, respectively in the nonlinear simulation to accelerate

the design process.

Supplementary Table 1. The rotational angle of the meta-atom versus the phase of the output VUV

light (in degree)

Angle (theory) (Sim.)
0 0 0
15 45 55.4
30 90 95.1
45 135 131.2
60 180 180.0
75 225 235.1
950 270 275.2

105 315 311.3

The phase profile for the metalens were calculated according to different targeted functionalities.
The lens formula, which can be described using the following formula, was used:
() =ko(Vf?+1?—f)
Where 7 is the radial distance toward the center of the metalens (diameter: 45 um), f* is the designed focal

length, ko is the wave vector (2m/1), and 4 is the second harmonic wavelength (197 nm).



Subsequently, the layout was prepared according to the simulation results and the phase calculation. The
mask was divided into grids in a hexagonal lattice (lattice constant: 270 nm). The meta-atoms were placed

into the grids and were rotated according to the required local phases.

Section II: Nanofabrication

The process flow used for the nonlinear metalens fabrication was similar to the one used in our
previous work for the fabrication of gallium nitride metalenses(52). The process flow is presented in Figure
S2. Sputtered zinc oxide (ZnO) thin films on soda-lime glass substrates were used for the nanofabrication.
The thin films were purchased from MTI Corporation, USA. According to the documentation provided by
MTI Corporation, the ZnO thin films have a thickness of 150 nm and average surface roughness of 0.435
nm. In addition, they are reported to be of polycrystalline nature with (002)-orientation. Plasma-enhanced
chemical vapor deposition (PECVD, Samco Inc.) was used to deposit a 400 nm thick silicon dioxide (SiO>)
layer on top of the ZnO thin film. The sample was then coated with a 100-nm-thick resist ZEP-520A (Zeon
Corp., Japan) on top of the SiO» layer, followed by coating an Espacer layer directly onto the resist-coated
substrate in order to avoid the proximity effect coming from the electron scattering in the resist layer. E-
beam writing was carried out using an Elionix ELS-7000 electron-beam lithography system. The
acceleration voltage was 100 kV while the beam current was 100 pA. The development process was done
by immersing the sample in ZEP-N50 (Zeon Corp., Japan). Subsequently, a 40 nm thick chromium (Cr)
layer was deposited using an electron-beam evaporation system, followed by the lift-off process performed
in a Dimethylacetamide solution (ZDMAC, Zeon Corp., Japan). After that, reactive ion etching (RIE,
Samco Inc.) with an RF power of 90 W was used to transfer the pattern into the SiO; layer. Inductively-
coupled-plasma reactive ion etching (ICP-RIE, Samco Inc.) was subsequently carried out using mixed
BCl3/Cl; chemistry (radio frequency: 13.56 MHz, ICP source power: 700 W, bias power: 280 W). Finally,
the remaining SiO; layer was removed using the Samco Inc. RIE system. An SEM image of a resulting

metasurface is shown in Figure S3.



To fabricate the beam steering metasurface, a 150-nm-thick ZnO thin film was coated with a 1 nm
thick Cr layer via electron beam evaporation with a base pressure of less than 5x10° Torr. The Cr layer
served as a conductive layer for the subsequent focused ion beam milling to avoid any potential charging
effects that would affect the precision of the ion beam scanning. The designed metasurface was patterned
into the thin film by using a dual-beam Gallium ion-based focused ion beam system (FEI Helios 660
NanoLab)(53). The acceleration voltage was 30 keV, while the beam current used in the fabrication was
around 51 pA. The dose applied to the thin film was around 20 xC/cm?. To well define the scanning path
and the writing strategy of the Gallium ion beam, the NPGS software provided by JC Nabity Lithography

Systems, USA, was used to precisely control the scanning path of the ion beam.
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Fig. S2. Nanofabrication of the nonlinear metalens. The reported metalens was fabricated by
performing PECVD and electron-beam lithography (EBL) on a sputtered ZnO thin film followed by several
steps including inductively-coupled-plasma reactive ion etching (ICP-RIE) and reactive ion etching (RIE)
processes.
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Fig. S3. SEM image of the resulting metasurface.

Section III: Measurements

Section IIL.I Linear measurements

The linear transmission measurement of the metalens was performed using a micro-spectrometer
based on an inverted Olympus microscope IX-70, which has been used in our previous work(54). A halogen
light source was used for the excitation. The incident light was guided to the sample using a long working

distance condenser. A broadband linear polarizer and a broadband quarter waveplate (Thorlabs) were



placed in the microscope to convert the polarization of the incident light into a circularly polarized state. A

spectrometer box (B&W Tek, Inc., BTC111E) was mounted on the microscope for the spectral analysis.

Section IIL.II Focusing and beam steering measurements

The metalens focusing profile and beam steering measurements were performed with a custom-
built setup that is shown in Figure 3A in the main text. Here, a more detailed schematic that includes more
details about the laser system is shown in Figure S4. This figure also shows the relative placement of all
three bandpass filters as they were used in the detection path, while Figure 3A in the main text shows them
in a single symbol. Some key components of the setup are listed in the main text, while additional details
are provided here. The laser system consisted of a mode-locked, ultrafast Ti:shappire laser (Coherent Mira)
900 that was pumped with a Coherent Verdi V5 (5 W) laser and served as a seed laser to a regenerative
amplifier (Coherent RegA 9000) that was pumped with a Coherent Verdi V10 (10W). The beam from the
amplifier was frequency doubled using a frequency doubling crystal in an optical parametric amplifier
(Coherent OPA 9400) and guided into the setup. Note: the optical parametric amplifier was used for the
frequency doubling step due to convenient availability, but it was used in a detuned fashion such that as
little light as possible was lost to the other nonlinear processes within the optical parametric amplifier. A
spatial filtering setup was used to improve the uniformity of the excitation beam.

As mentioned in the main text, the excitation laser was focused 2 mm before the metalens surface
to produce a near-plane wave incident condition at the metalens surface. The Gaussian diameters of the
laser excitation spot were measured to be about 126 um and 139 pm, in the x- and y-direction, respectively,
at the metalens z-position, which was 2 mm in the positive z-direction from the focus point of the excitation
laser (see Figure 3A in the main text for a schematic that includes the excitation setup). A motorized stage
was used to scan the detection setup and therefore allowed the nonlinear imaging of the metalens as well
as the focusing spot of the VUV light. The experimental data presented in Figure 3 in the main text is from
a scan with 2 pm target step intervals. The position of the stage was measured at each z position via a stage
command. This measured z position varied up to 1 um from the target position. The measured z positions

were used in the data analysis. Gaussian fits of the cross-sections through the focusing spot of the harmonic



wave yielded beam waist diameters of 2.74 pm and 2.82 pm in the x- (Figure S5A) and y-direction (Figure
S5B), respectively. However, as one camera pixel was calculated to correspond to an imaging width of
0.528 um, the Gaussian beam waist diameter (1/e?) was only reported as around 3 pm in the main text. The
gaussian fit of the cross-section through the focusing spot in the z-direction yielded a beam wait radius of
20.9 pm (Figure S5C). However, due to the mentioned variation between the measured and targeted z
position values and the accuracy and repeatability values of the motorized stage reported on the Newport
website (typical accuracy: +0.8 pm and guaranteed accuracy +2.0 um), the focusing depth (1/e* diameter)

was reported to be around 40 um in the main text.
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Fig. S4. Detailed experimental setup for the metalens and beam steering measurements. SF: spatial
filtering setup, A/4: quarter-wave plate, LP: linear polarizer, O: objective, BPF: bandpass filter.
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Fig. S5. Experimental cross-sections of the focusing spot. Cross-sections of the metalens focusing spot,
including Gaussian fits in the (A) x-direction, (B) y-direction, and (C) z-direction.

Section IIL.IIT Nonlinear spectral measurement

The wavelength of the generated second harmonic signal was verified using a custom build
setup (Figure S6). Partial pre-separation of the SHG from the fundamental (397.5 nm) was achieved by
using a bandpass filter (Newport, 10LF20-193-B) as well as an equilateral dispersive calcium fluoride prism
(Thorlabs, PS863), before focusing the signal into a monochromator (Thermo Jarrel Ash, 2400 grooves/mm
grating). This was necessary to achieve a sufficient reduction of the fundamental signal. After the
monochromator, the signal was detected using a photomultiplier tube (ADIT Electron Tubes, 9781B6019)
that was in a chilled housing with a temperature below -10 °C. Figure S7 shows a log-log plot of the SHG
power of the metasurface compared to an unpatterned ZnO thin film with respect to incident pump power
varied from 2.5 mW to 14 mW for the metasurface and 4 mW to 20 mW for the thin film. The peak power

density was estimated based upon the temporal pulse width, repetition rate, and spot size of the fundamental

beam. The metalens strongly enhances the SHG signal.
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Fig. S6. Nonlinear spectral measurement. Schematic of the experimental setup. SF: spatial filtering
setup, M4: quarter-wave plate, LP: linear polarizer, O: objective, BPF: bandpass filter.
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Fig. S7. SHG power dependence of metalens compared to the substrate. Black line: squared fit.
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Fig. S8. Power dependence measurements. SHG power dependence of the a) metalens and b)
surrounding ZnO thin film. Resultant conversion efficiency of the ¢) metalens and d) surrounding ZnO
thin film.

Section I'V: Focusing simulations

Section IV. I Light propagation simulations

The scalar-diffraction-theory-based light propagation simulations were performed with a self-
developed Python module. We coded the metalens plane as a 50 um by 50 um cartesian field mask with a
0.01 um grid interval. The metalens was coded as a circle with a diameter of 45 um in the center of the
plane. The meta-atoms on the metalens plane were modeled as perfect triangles with the same rotation as
the design pattern. Grid points within the same meta-atom shared the same complex amplitude. We assumed

that only the meta-atoms contribute to the far-field radiation from the metalens, i.e., all other areas on the



metalens plane were assigned an amplitude of zero. The incident light of the system was modeled as a
spherical wave from a point light source 2 mm before the metalens with a maximum amplitude of 1. The
mask was then multiplied with the incident light field to obtain the wavefront after the light passing through
the metalens. The electric field distribution on the target plane was calculated with Kirchhoff’s diffraction
formula. The orthogonal electric field components, Ex, Ey, and E, of the incident light were processed
separately. The total light intensity was then obtained by calculating the sum over the square of the modulus
of the three electric field components. Fast Fourier Transforms were used to speed up the calculation. To
eliminate the higher-order diffractions, which were not collected in the experiment, we placed a virtual
monitor plane 50 um behind the target plane that is of the same NA as the objective used in the experiment.
The light intensity on a target plane was calculated by first propagating the light to the virtual monitor plane
and then back-propagating it to the target plane. In the simulation, with the perfect shape of geometry and
full area contribution of the given metalens design, the enhancement of the VUV power density at the focus
spot can be up to 2500-fold compared to the power density at the metasurface plane. However, it is
challenging to achieve such an enhancement value with our current metalens samples. Possible reasons can
be associated with local defects inside the multi-crystalline ZnO film used for the metalens and sample
imperfections caused in the fabrication process. Both effects can lead to a reducing in the ability of the
metalens to focus the VUV light, since nonlinear processes are highly sensitive to the uniformity of the
meta-atoms. In the future, multiple strategies can be used to minimize imperfections and further improve
nonlinear metalens performance, including increasing number of meta-atom, improving the nanofabrication
process, and introducing novel nonlinear materials in the designs to achieve more precise VUV light

generation and wave control.

Section IV.II Simulated focusing with different metalens amplitude and phase coding

To investigate the tolerance of light focusing capability of the nonlinear metalens in the presence
of imperfect unit cells, we performed a series of light propagation calculations with different metalens
encodings. In this way, we studied the effect of errors in the local phase and amplitude on the focusing

capability of the metalens. Three different encoding methods were tested. These were: the ideal encoding



where all the cells are fully transparent and introduces a phase shift equals to three times the corresponding
geometric rotation of the nanotriangle meta-atom (perfect encoding); the encoding following the rotation-
amplitude and rotation-phase shift relationship used to generate Figure 1E (simulated encoding) in the main
text; and an encoding that adds random phase and amplitude errors within certain ranges to the perfect
encoding for each cell (random encoding). Here, we used two different sets of ranges for the random
encoding: the first calculation (Figure S8 E, F) has a phase error range of [-n/12, n/12] and an amplitude
error range of [-0.25, 0.25]. The second calculation (Figure S8 G, H) has a phase error range of [-/2, /2]
and an amplitude error range of [-0.5, 0.5]. According to the simulated focusing profiles (Figure S8), perfect
encoding (Figure S8 A,B), simulated encoding (Figure S8 C,D), and random encoding with relatively small
errors (Figure S8 E,F) all focused the incoming light at around z = 124 um and have similar intensity
distributions on the focal planes. The focusing effect starts to degenerate only when the metalens has
significant random errors (Figure S8 G,H). Compared to the cases presented in Figure S8 B (the ideal
metalens) and Figure S8 H (metalens with phase and amplitude defects), the power density enhancement
decreases by around 60%. However, while the focusing ability of the metalens is clearly affected by this
error, the center of the focusing region remains remarkably tolerant. This result shows that our geometric-

phase-based metalens design is of high tolerance against amplitude and phase variance.
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Fig. S9. Simulation of the metalens focusing profiles with different metalens encodings. Logarithmic
focusing profile for the xz plane and 5 pm by 5 um xy plane at z = 124 pum for (A, B) perfect metalens
encoding, (C, D) simulated metalens encoding, (E, F) random metalens encoding with a phase error of [-
n/12, ©/12] and an amplitude error of [-0.25, 0.25], and (G, H) random metalens encoding with a phase
error of [-/2, m/2] and an amplitude error of [-0.5, 0.5]. All the plots share the same color scale.



Section V: Computation of power density values

The power density values were all computed using custom MATLAB code. Several methods, discussed
below, were used to select pixels used to calculate the average power. For all calculations, the average
power was calculated by converting total counts to photons, accounting for the quantum efficiency and
integration time of the camera, and finally dividing by the transmission of the optical components between
the metasurface and the camera CCD. The average power density is the average power divided by the total
area of the pixels used to compute the average power. Peak power is computed by dividing the average
power by the repetition rate of the laser and pulse width of the second harmonic light. The pulse width of
the second harmonic light was determined from the pulse width of the excitation laser multiplied by a
temporal conversion factor of 1/+/2 to account for the shorter pulse width of the generated light(55). Peak
power densities were calculated by dividing the peak power by the total area of the pixels used to calculate

the average power. These calculated values may be found in Supplementary Table 2 for cross-polarized

SHG.
Supplementary Table 2. Power Density Analysis Values — Cross-polarized SHG
Area of Igtidlrlzlsti(())fn Average Al:,::;ae%e Peak Peak Power Focusing Number of
Integration g Threshold Power . Power Density Efficiency Integrated
(cm?) Boundary W) Density |y (W/em?) Pixels
(um) (W/em?)
1 0
Brl‘,gii‘etle“ 2.78E-9 N/A N/A 9.80E-14 | 3.52E-5 | 2.71E-6 9-72E2 0.39% 1
Focal
Plane 1.39E-8 N/A 50% 3.64E-13 2.61E-5 1E-5 7.21E2 1.5% 5
(50%)
Focal
Plane 2.89E-7 N/A 10% 1.94E-12 6.69E-6 5.35E-5 1.85E2 7.7% 104
(10%)
Surface 1.34E-5 21.1 10% 2.50E-11 1.87E-6 6.90E-4 51.5 N/A 4812




Section V.I Terms Defined

Brightest pixel: The brightest pixel from the raw camera data was singled out and used to compute the

values.

Focal plane: To determine the pixels on the CCD corresponding to the focusing plane of the metasurface,
thresholds of 10% of the maximum signal and 50% of the maximum signal (FWHM) were used. The
number of pixels that fell completely within the radius of integration are listed in the far right column. The
pixels are oriented in a circular configuration within the circular area of integration. See “Power density at

the surface” section for more information regarding the algorithm techniques.

Power density at the surface: To determine the pixels on the CCD corresponding to the surface of the

metalens, a threshold of 10% of the maximum signal was used, identical to that discussed above, to
determine the boundary of a circular integration area. However, the 10% threshold eliminated a significant
number of pixels within the integration area corresponding to weaker signal from the metasurface.
Therefore, the threshold selection only served to define the boundaries of a circular area of integration. The
horizontal difference between the farthest right pixel and farthest left pixel corresponded to the horizontal
diameter of the circular integration area. Similarly, the vertical diameter was calculated. However, the
vertical diameter severely underestimated the size of the metasurface because several pixels fell outside of
the threshold. The center of the integration area was defined as the pixel which was at the intersection of
the vertical and horizontal diameters. However, only the horizontal diameter was used as the diameter of
circular integration area for the calculated values due to more consistent signal across the horizontal axis
of the metasurface image. The resulting diameter and integration area may be found in Supplementary
Table 2. Pixels which fell partly outside of the integration area boundary were excluded from the
calculations. Only accounting for full pixels resulted in less than 1.1% difference when compared to the
full circular area. Therefore, only pixels which fell completely within the boundary of the circular region

of integration were used to compute the average power and total integration area.



According to the nonlinear PB phase theory, the polarization of the generated SHG wave should
be orthogonal to the polarization of the excitation. However, due to the sample imperfection, we found the
polarization is not purely cross-polarized. The surface area of integration for co-polarized SHG is calculated
to be 1.24x107 cm? with a 20.3 um radius integration boundary with a 10% threshold. The average power
at the surface is 3.67x10"!! W, average power density of 2.96x10° W/cm?, peak power of 1.01x10* W, and

peak power density of 81.7 W/cm?. Therefore, the ratio between the cross- and co-polarized light is ~68%.

The focusing efficiency of the cross-polarized SHG is found to be about 7.7% when considering a threshold
of 10% of the highest pixel intensity. However, according to the simulation, the focusing efficiency of the
cross-polarized SHG is estimated to be ~ 75%. There could be multiple reasons for the discrepancy between
the theoretical and experimental values. First, it is highly possible that the efficiency is underestimated due
to the limited resolution of our detection optics. In principle, to analyze the focusing efficiency of a metalens,
proper resolution of the detection system is needed to reconstruct the focusing profile for the data analysis.
However, as high magnification objectives for the VUV range are not commonly available, the best
objective can be found is a 15 x objective (Thorlabs LMU-15X-193). As a result, there are only ~5 pixels
around the focusing spot at FWHM (threshold of 50% of the highest pixel intensity), which is not enough
for accurate analysis of the focusing efficiency. Therefore, a threshold of 10% of the highest pixel intensity

with 104 integration pixels was also considered.

Section VI: Nonlinear metasurface beam deflector

To further demonstrate the capability of the proposed approach to realize multifunctional VUV
devices, we designed and fabricated a nonlinear beam deflector that can control the emission wavefront of
the harmonic toward a specified direction. In the design, the orientation of the unit cells is assigned

according to the following phase distribution(56):

2t
exA) = —Tx sin 04,



where x is the spatial coordinate, 64 is the refracted angle, and A is the second harmonic wavelength,
respectively. The deflection angle for the +1-diffraction order of the harmonic wave generated from the
metasurface was designed to be nominally 8.5 degrees, while the -1-diffraction and zero-order will be
suppressed. An SEM image of the resulting sample is shown in Figure S8A. ZnO meta-atoms with designed
orientations, according to the theory, can be seen in the image. In the characterization, under normal
excitation, a spot associated with the +1-diffraction order of the generated harmonic wave was observed,
while the ones corresponding to the -1 and zero diffraction order are significantly weaker (Figure S§B). A
cross-section of the corresponding angular dependence of the SHG intensity is plotted in Figure S8C. It
shows the maximum amplitude of the +1-diffraction order is eight times and fifty times stronger than the
amplitude for the -1- and zero-diffraction order, respectively. The results verify the concept that the
proposed nonlinear metasurface can not only be used for VUV focusing, but also for realizing other

important functionalities on demand in the future.
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Fig. S10. Nonlinear beam steering. (A) SEM image of the beam-steering metasurface. The highlighted
region indicates one supercell of this metasurface. (B) Section of the far-field diffraction pattern of the SHG
signal. (C) Cross-sectional profile of the data shown in (B) along the x-axis through the highest intensity
point.

Section VII: Effect of the substrate refractive index and meta-atom surface roughness on the VUV
signal
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Fig. S11. Impact of substrate materials on the metalens’ VUV signal. (a) Schematic of the excitation of
SHG in the metalens. (a) Comparison between the nonlinear spectra of the reported ZnO metalens on a non-



absorptive substrate and an absorptive substrate. (b) Comparison between the nonlinear spectra of the
reported ZnO metalens on substrates of different refractive indices.

The minimal impact of a VUV absorbing substrate is shown in Figure S11. The simulation assumes
the VUV light is generated within the ZnO resonators and passes through free space rather than the
absorbing glass substrate. This simulation matches our experimental conditions: excitation incident on the

substrate side of the sample and VUV light generation on the opposite side leading to VUV light

propagating in free space.

On the other hand, the surface roughness of meta-atom plays an important role in SHG due to the
resonance shift introduced by the change of meta-atom’s geometric shape. The impact of ZnO surface
roughness on metalens’ VUV signal is shown in Figure S12. The simulated surface roughness introduces a

phase shift difference of ~20 degrees. A signal magnitude fluctuation of ~10% was also observed in the

same simulation.
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Fig. S12. Impact of meta-atom surface roughness on the metalens’ VUV signal. (a) Smooth meta-atom.
(b) Rough meta-atom. The surface roughness is simulated as spheres 24nm in radius with center buried

10nm below the meta-atom’s upper surface. (c) Comparison between the phase shift of the two meta-atoms
under different rotation.
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