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All-Silicon Broadband Ultraviolet Metasurfaces

Yang Deng, Xi Wang, Zilun Gong, Kaichen Dong, Shuai Lou, Nicolas Pégard,
Kyle B. Tom, Fuyi Yang, Zheng You, Laura Waller, and Jie Yao*

Featuring high photon energy and short wavelength, ultraviolet (UV) light
enables numerous applications such as high-resolution imaging, photolitho-
graphy, and sensing. In order to manipulate UV light, bulky optics are usually
required, and hence do not meet the fast-growing requirements of integra-
tion in compact systems. Recently, metasurfaces have shown unprecedented
control of light, enabling substantial miniaturization of photonic devices from
terahertz to visible regions. However, material challenges have hampered

the realization of such functionalities at shorter wavelengths. Herein, it is
experimentally demonstrated that all-silicon (Si) metasurfaces with thick-
nesses of only one-tenth of the working wavelength can be designed and
fabricated to manipulate broadband UV light with efficiencies comparable to
plasmonic metasurface performance in infrared (IR). Also, for the first time,
photolithography enabled by metasurface-generated UV holograms is shown.
Such performance enhancement is attributed to increased scattering cross
sections of Si antennas in the UV range, which is adequately modeled via a
circuit. The new platform introduced here will deepen the understanding of
light-matter interactions and introduce even more material options to broad-
band metaphotonic applications, including those in integrated photonics and

Advanced control of light propagation
is crucial for numerous modern tech-
nologies, such as high-capacity com-
munications, optical  sensing, and
high-resolution imaging applications.!']
However, conventional optical elements
are bulky and do not meet the fast-
growing requirements of integration in
compact systems.l By introducing abrupt
changes in phase, amplitude, and/or
polarization, metasurfaces consisting of
sub-wavelength structures at an interface
not only allow unprecedented control of
light properties, but also enable substan-
tial miniaturization of future photonic
devices.>¢! Versatile optical functionalities
(focusing, beam steering, orbital angular
momentum, hologram generation, light
polarization control, and photonic spin
hall effect) based on metasurfaces have
been demonstrated.’-2

Metasurfaces based on metallic mate-

holographic lithography technologies.
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rials, such as gold (Au) and silver (Ag),

have been first shown to be functional

from terahertz to near-IR.7&15161923]
However, because of intrinsic Ohmic losses, their performance
deteriorates substantially in the visible to UV regions, where
a variety of ubiquitous applications are of interest (e.g., high-
resolution photolithography, imaging, and chemical/biological
sensing applications).*’) Aluminum (Al) has a potentially better
response at shorter wavelengths,'! but it suffers from oxida-
tion-induced performance degradation and fabrication chal-
lenges when scaled down.?%?’] Dielectric materials, including
Si, titanium dioxide (TiO,), silicon nitride (Si3N,), and gallium
nitride (GaN), have recently been utilized to construct efficient
metasurfaces based on Mie resonances or the so-called wave-
guide modes at IR and visible frequencies.[>-1417,18.20-22.24]
However, such designs suffer from the materials’ inter-band
transitions in the UV range (e.g., TiO, at 3.2 eV and GaN
at 3.4 eV), especially due to the resonances. Moreover, the
reported thicknesses of dielectric metasurfaces were close to
or even larger than their operation wavelengths, leading to
challenging height-to-width ratios of 10-15.111:131418.20-22.24] 1y
addition, most UV transparent dielectrics have low refractive
indices (e.g., MgF,, CaF,, and SiO,), posing more severe chal-
lenges to the metasurface design and fabrication for the UV
range. Low index contrast compared to the substrates also com-
promises the performance. Some nanostructures are reported
to manipulate light in the UV regimes,?-31 but none of them
are able to engineer wavefront.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Circuit model for lossy dielectric nanorod and calculated scattering efficiency comparison between different materials. a) Schematic
configuration of a nanorod and scattering field (there is no substrate in the circuit model calculation). b) Color mapping of scattering efficiency of a
nanorod as a function of Re(g) (&) and Im(g) (g), with L=130 nm, W =30 nm, and H = 30 nm at the wavelength of 380 nm. c) Scattering efficiency of
nanorods made of different materials, including Si, TiO,, GaN, Au, Ag, and Al with the same geometric parameters. d) R,.q, | Ziot| and Ryaa/|Zic| plotted

as a function of € when &, is fixed at 10. Inset: Circuit model for a nanorod.

Here, we take a completely new route to realize broadband
UV metasurfaces, which enables the manipulation of the
wavefront of UV light for the first time. We show that strongly
absorbing materials may serve as good candidates for UV meta-
surfaces, because enhancement of either the real part (g,) or the
imaginary part (&) of material permittivity effectively improves
the scattering efficiency of nanoantennas, as discussed in the
following section. Moreover, a large & typically coexists with a
large &, around the absorption peaks due to causality implied by
the Kramers—Kronig relations.[233 Hence, we can take advan-
tage of the impacts of both ¢, and ¢; on scattering efficiencies
and achieve metasurfaces working at down to 290 nm wave-
length, the shortest effective working wavelength for metasur-
faces ever reported, to the best of our knowledge. Based on the
new platform, we show photolithography using metasurface-
generated UV holograms. The Si platform is naturally compat-
ible with mature complementary metal-oxide-semiconductor
(CMOS) fabrication technologies, making it practically promi-
sing and cost-effective.

Among metasurface designs, the scatterer-orientation-con-
trolled geometric phase (Pancharatnam-—Berry phase) approach
has been widely utilized to manipulate the phase of the scat-
tered field for circularly polarized light.3*3% The same approach
is used in this work to provide a benchmark in the evaluation
of our broadband UV metasurfaces. A nanorod-shaped scatterer
is able to control the phase of the scattered light with opposite
helicity by only changing the orientation angle of the scatterer.
And the phase is not subjected to variations in size and mate-
rial properties, upon which the scattering efficiency is depen
dent.P11L1618.19.2122] Thig ynique feature endows us with great
freedom in optimizing the efficiency of the nanoantennas
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without sacrificing the phase control. Here, we first investigate
the scattering efficiency of a nanorod consisting of a material
with arbitrary permittivities, as depicted in Figure 1a (the envi-
ronment is air) with length (L), width (W), and height (H).
Figure 1b plots the color contour of the scattering efficiency of a
nanorod as a function of the €, and g; at 380 nm. Here the scat-
tering efficiency is defined as the ratio of the scattering cross
section and the cross-sectional area of the scatterer. As shown
in Figure 1D, not only &, but also g; contribute positively to the
scattering efficiency in a dissipative system. The scattering
cross section increases substantially when g becomes larger.
The positive effect of € on scattering efficiency can be under-
stood on the basis that large ¢; shields the field from entering
the nanorod. A drastic example would be a very large imagi-
nary part of permittivity (in the limit of a perfect conductor),
for which the antenna will have the maximized scattering effi-
ciency. Based on the above analysis, single-crystal Si is chosen as
the material platform for efficient metasurfaces, due to its large
g at UV frequencies, CMOS compatibility, and mature fabrica-
tion technologies (the refractive index and permittivity spectra
are plotted in Figure S1, Supporting Information). To demon-
strate the distinct property of Si at UV frequencies, we compare
the single-nanorod scattering efficiencies of different materials
(widely used for the metasurfaces), including Si, TiO,, GaN, Au,
Ag, and Al over a broad range of UV wavelengths from 290 to
410 nm (Figure 1c). When the length is fixed at 130 nm (other
lengths cases are discussed in Figure S2, Supporting Informa-
tion), the Si nanorod outperforms all others, demonstrating the
effectiveness of Si nanoantennas in the UV range.

In order to better understand the light-matter interaction
here, especially the quantitative behavior of the influence of
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Figure 2. Design, fabrication, and characterization of the metasurface for beam steering. a—d) Si membrane transfer process with a PDMS stamp. Inset
of (d): optical image of a piece of transferred Si membrane on quartz substrate. e) Schematic of the metasurface and its building blocks, Si nanorods
lying on a quartz substrate, with unit dimensions a, x a, (a,= a,, period of a single unit, 160 nm in the design). Inset: SEM picture of the metasurface for
beam steering. Eight periods form a unit cell covering 27 phase shift (labeled as white dashed box). f) Optical image of the unconverted and bent beams
on a luminescent screen for wavelengths from 290 to 410 nm. LHP: left-hand polarization; RHP: right-hand polarization. g) Theoretically calculated
(with circuit model; dashed line), and experimentally measured (cubic scatterers) conversion efficiency and diffraction efficiency of the metasurface.
Fabricated nanorod dimensions: L =142 nm, W =32 nm, and H = 35 nm. The optimization of geometric parameters (L, W, H, and period) is obtained

with simulations while taking into account the possible fabrication challenges.

material permittivity on the scattering efficiency, we construct a
circuit model to calculate the scattering efficiency of a nanorod
(inset of Figure 1d).3% The circuit contains an AC voltage source
(Vo) that models the incident plane wave. The total impedance
(Ziy) of a nano-antenna includes radiation resistance (R..q),
self-inductance in the rod (Lg), Ohmic resistance (Rq) and self-
capacitance (Cgq) in dielectric materials. The capacitance in the
air is parallel to the voltage source, so that it does not affect
the calculation. The R4 is independent of material permit-
tivities;1”] the energy “lost” to R,,q is the scattered energy. The
detailed model and expressions of the circuit elements can be
found in Section S3 (Supporting Information). Figure 1d indi-
cates that increasing g; reduces | Z,| of the circuit while the R4,
is a constant (see Section S3, Supporting Information). Similar
behavior was theoretically discussed previously.*®! In addition
to the large permittivity induced high scattering efficiency, the
circuit model also allows for understanding of more details
behind. As shown in Figure 1c, there are two peaks in scattering
efficiency spectrum of Si antenna. One is around 380 nm,
which is a result of resonance. The other peak close to 300 nm
is due to low impedance of Si antenna. More detailed discus-
sions are provided in Section S3 (Supporting Information).
This large permittivity-induced high scattering efficiency
enables us to utilize common lossy dielectrics to realize meta-
surfaces over a broad range, including the UV region. To
experimentally demonstrate the effectiveness of the single-
crystal Si platform in the UV range, we design, fabricate, and
characterize all-Si metasurfaces for two typical applications:
UV beam steering and holographic lithography. Note that our
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new platform is highly versatile and can be used in many other
applications as well.

The single-crystal Si is obtained by transferring a suspended Si
membrane from a transmission electron microscope (TEM) grid
(SiMPore Inc.) to a quartz substrate with a poly(dimethylsiloxane)
(PDMS) stamp, as illustrated in Figure 2a—d (see details in the
Experimental Section, Supporting Information).*l The size of
the transferred single-crystal Si is approximately 90 um x 90 um.
The inset of Figure 2d shows an optical image of a transferred
Si membrane on a quartz substrate. Along with refractive index
and permittivity spectra, an electron diffraction pattern of the Si
membrane is shown in Figure Slc (Supporting Information),
confirming its single crystallinity.

In the demonstration of UV beam steering, each unit cell of
the metasurface (labeled as a dashed box in inset of Figure 2e) is
composed of eight optimized Si nanorods with different orienta-
tion angles lying on a quartz substrate, as illustrated in Figure 2e
(each nanorod is in a single unit). The inset of Figure 2e shows
the scanning electron microscopy (SEM) image of the fabricated
metasurface for the beam steering (see Experimental Section).
The unit cell covers 27 phase shift, leading to a bending angle
of approximately 13.1 degrees at 290 nm wavelength and
17.3 degrees at 380 nm, as shown in Figure 2f and Figure S5c
(Supporting Information). The measured bending angles for
different wavelengths follow the theory well (see Figure S5c,
Supporting Information). The conversion efficiency (the ratio
of the power of the bent beam to the total incident power) and
diffraction efficiency (the ratio of the power of the bent beam
to the direct transmitted power*”) are measured using the
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Figure 3. UV hologram for arbitrary patterns. a) Experimental setup for photolithography enabled by generated hologram. Abbreviations used for the
optical components are as follows. BP: band pass filter; Ly, Ly, Ls, Ly, Ls: lenses; My, M,: mirrors; LP: linear polarizer; QWP: quarter wave plate; OL;, OL,:
objective lenses; PR: photoresist (S1805). The camera is removed during the exposure. b) SEM microimage of the fabricated metasurfaces for “Cal” pat-
tern hologram. The inset shows the magnified image of the nanorods in the white dashed box. Scale bar: 500 nm. c) Phase distribution of target image
(“Cal” logo) obtained with the algorithm mentioned above and d) theoretically calculated holographic “Cal” pattern based on the phase distribution
in (c). e) Camera-captured holographic “Cal” pattern. The operating wavelength is 380 nm. f) “Cal” pattern exposed on photoresist. Scale bar: 10 pm.

experimental setup shown in Figure S4 (Supporting Informa-
tion). Over a broadband range from 290 to 410 nm, the conver-
sion efficiency reaches as high as 15% at 380 nm and remains at
the level of 10% even at the short wavelength of 290 nm. Mean-
while, the diffraction efficiency achieves 30% around 380 nm
and maintains over 15% at shorter wavelengths. The experi-
mental results plotted in Figure 2g are in good agreement with
circuit model calculations, which are plotted as dashed curves
in the same figure (Figure 2g). Further finite element method
(FEM) simulation shows that the maximum efficiency in the UV
range increases to 70% in the reflection mode (Figure S5e, Sup-
porting Information). With optimization of the antenna design,
even higher efficiencies for both transmission and reflection
modes can be achieved. For example, by introducing a double-
bar design (Supporting Information S6, Supporting Informa-
tion), the efficiency of the all-Si metasurface can be increased
to the level of 200% (diffraction efficiency) and 37% (conver-
sion efficiency) in the transmission mode. This high diffraction
efficiency will be essential to improve the signal-to-noise ratio
in the far field transmission. Moreover, the mechanism we
propose here is not limited to Si only. Any material that pos-
sesses a large permittivity may have strong scattering capability
and materials with larger permittivity than that of Si will enable
higher efficiency metasurfaces than Si ones with similar struc-
tures. The demonstration of effective UV beam steering suc-
cessfully confirms the proposed mechanism that the scattering
efficiency of nano-optic antennas benefits substantially from the
strong interaction between Si and UV light.

The high photon energies and short wavelengths of UV light
are highly favorable for photolithography applications. Even
3D lithography of periodic structures has been achieved with
UV illumination.*!l Here, for the first time to the best of our
knowledge, we demonstrate metasurface-based holographic
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lithography of arbitrary patterns. The manipulation of phase for
each individual antenna of a metasurface allows the implemen-
tation of computer-generated holography. Our setup is demon-
strated at 380 nm, close to the widely used mercury i-line. The
380 nm wavelength was chosen simply for the convenience of
measurement. Much shorter working wavelengths can be used
if needed. The example hologram we create here is a “Cal” logo.
The discrete phase distribution (32 phase levels covering 27)
is generated by an iterative nonlinear optimization algorithm
that provides improved quality over the traditional Gerchberg—
Saxton method by exploiting the binary nature of the target
pattern,*?! as shown in Figure 3c (for target image “Cal’ logo
pattern). The calculated pattern of the “Cal” logo is shown in
Figure 3d. Figure 3b shows a high-resolution SEM image of the
fabricated metasurface for target “Cal” logo. The experimental
setup is depicted in Figure 3a, where speckle noise is reduced
by a 4f system (L; and L;) with a diffuser in the illumination
path. The rotating diffuser is placed at the Fourier plane, which
reduces temporal coherence while maintaining spatial coher-
ence. A camera is used to capture the image of “Cal” logo
pattern (Figure 3e), and then a demagnified pattern exposes
the photoresist (Figure 3f). All features shown in Figure 3e,
including the uneven boundaries and all fine features, are
transferred to the resist (Figure 3f), confirming the high fidelity
of the lithography process. Our approach allows the genera-
tion of arbitrary holographic patterns with fine features down
to the diffraction limit. A unique advantage of UV holography
is that its high photon energies and short wavelengths have
great potential for more advanced applications; for example, a
single 2D mask can generate multiple holographic patterns at
the same time, each at a different image plane, enabling high-
throughput fabrication and the potential for 3D lithography, a
step forward from existing lithography technologies.”!
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Utilizing the all-single-crystal Si platform, we have experi-
mentally demonstrated broadband UV metasurfaces working
efficiently at wavelengths down to 290 nm. The FEM simula-
tion predicts 70% conversion efficiency in the reflection mode
beam steering. A double-bar structure design is proposed to
improve the diffraction efficiency to around 100% in trans-
mission mode over a broad UV band. A circuit model is built
which accurately describes the total impedance modulation
by the material permittivity. Enabled by the new capability in
manipulating UV light, we have achieved holographic lithog-
raphy of arbitrary patterns. The Si platform is naturally com-
patible with mature CMOS fabrication technologies, making
it practically promising and cost-effective. By employing other
larger bandgap materials, the working spectrum range can be
even broadened to far-UV frequencies. Moreover, this metas-
urface-based lithography can be potentially extended to 3D
with 3D holography, providing new opportunities for future
nanomanufacturing.

Experimental Section

Silicon Membrane Transfer and Metasurface Fabrication Processes: The
fabrication process of all-Si metasurfaces begins with the transfer of a
single-crystal silicon membrane onto a quartz substrate using a PDMS
stamp. The silicon membrane was obtained from a commercially
available TEM grid (SiMPore Inc., US100-C35Q33). First of all, a
metallic probe was used to break the Si windows on TEM grid. A
PDMS (Sylgard 184 Silicone elastomer, Dow Corning) stamp, which
was mounted on a micromanipulator, was attached to the heated TEM
grid windows (suspended Si membrane) (=60 °C). As the PDMS was
transparent, the Si membrane can be seen under the microscope. Once
it cools down to the room temperature, the Si membrane with the
PDMS was peeled off the TEM grid. The Si membrane can be identified
on the PDMS. Then, a heated acceptor substrate (quartz) (=60 °C) was
fixed on a XYZ stage. The PDMS stamp was then attached and pressed
against the surface of the quartz substrate. The substrate temperature
was then increased to 90 °C to improve the adhesion of Si membrane
to the quartz substrate. Finally, it was peeled off very slowly at 90 °C,
resulting in the Si membrane attaching well to the quartz substrate
via Van de waals force. As the stamp was transparent, one can see
the Si membrane through it and thereby it was possible to align the Si
membrane to the desired location on both the PDMS and the acceptor
substrate. The electron diffraction pattern from the silicon membrane is
shown in Figure S1c (Supporting Information), confirming that it was
indeed single crystal.

Electron beam lithography and standard reactive etching (HBr/Cl,)
techniques were utilized to fabricate the metasurface patterns on the
silicon film. Electron beam resist, hydrogen silsesquioxane was used in
the lithography. It was not removed finally since it does not affect the
performance of the metasurface.

Optical Setup for Measuring the Conversion Efficiency Spectra: The
optical setup for measuring the conversion efficiency spectra is depicted
in Figure S4 (Supporting Information). A femto-second laser (Coherent,
Chameleon Ultra 1l) combined with a tripler (Coherent, Chameleon
second-harmonic generation (SHG)/third-harmonic generation (THG)),
which can generate coherent UV light source from 228 to 500 nm, was
used. In the measurement, SHG covers the wavelength range from
340 to 410 nm while THG provides 290 to 340 nm light. A polarizer
(Thorlabs, GLB10) and a quarter-wave plate (Thorlabs, AQWP05M-340)
were employed to generate the wavefront (circular polarization)
required by the metasurface. The optical powers of the bent beam
and the incident beam were captured by a photodetector (Conherent,
Controller: FieldMax!|-TO Laser Power Meter; head: OP-2UV). A

Adv. Mater. 2018, 30, 1802632

1802632 (5 of 6)

www.advmat.de

luminescent screen after the metasurface captures the beam spots
(unconverted and converted beams). The distance between those
two beam spots and the one between the luminescent screen and the
metasurface were measured to calculate the bending angle, as shown
in Figure S5b,c (Supporting Information). The theoretical value of the
bending angle (6) was determined by (shown in Figure S5a, Supporting
Information)

(A
0 =sin (Sa

where a = a, = a, (single unit period), which was 160 nm. The bending
angle can be varied by changing the unit cell size (phase levels to
cover 27 phase shift, which was eight in the design for beam bending)
and a. With a similar design for metasurface but with a spacer layer
and Al mirror, FEM simulations demonstrate that the Si metasurface
efficiency in the UV can reach up to 70% in the reflection mode, as
shown in Figure S5D,E (Supporting Information).

Optical Setup for Hologram-Enabled Lithography Experiment: For
holographic lithography, an off-axis design was applied such that the
image propagates in the similar way as the bent beam (Figure S5a,
Supporting Information). As discussed above, a 4f system was inserted
in the illumination path and a rotating diffuser (Edmund, #47989) in
the focused beam plane to reduce the laser speckle noise. After the
metasurface, a Mitutoyo long-working-distance objective lens (M Plan
Apo SL100x, NA = 0.55; working distance = 13 mm,; effective focal
length = 2 mm) and a fused silica lens (focal length = 38 mm) were
used to form an image of holographic “Cal” pattern on a CMOS camera
(Thorlabs, DCC1645C). Another two-lens system consisting of a fused
silica lens (focal length = 200 mm) and a Mitutoyo objective lens
(M Plan Apo NIR20x, NA = 0.40; working distance = 20.0 mm,; effective
focal length = 10 mm) were employed to shrink the size of the image by
20 times and the image was then recorded by the photoresist (S1805).
Photoresist S1805 was spin-coated with a speed of 5000 rpm, forming
a thickness of around 400 nm and it was developed with MF-319
developer (MicroChem).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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