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1. Introduction

Metasurfaces are planar composite 
structures consisting of subwavelength 
nanoantennas or meta-atoms that can 
manipulate light, enabling functionali-
ties beyond what nature provides. They 
can be engineered to strongly enhance 
light–matter interactions[1] and achieve 
complete control of the electromagnetic 
wave properties such as light phase,[2–4] 
amplitude,[4,5] and polarization.[2,4,6] There-
fore, metasurfaces facilitate ultracompact 
device architectures for imaging,[7] on-chip 
photonic circuit integration,[8] and bio-
chemical sensing[9–11] in spectral ranges 
from the ultraviolet to the mid-infrared 
(mid-IR). The mid-IR spectrum with 
wavelengths ranging from 2.5 to 25 µm 
is technologically important because it 
includes two atmospheric windows and 
fundamental absorption bands of chemi-
cals and biomolecules. For these reasons, 
mid-IR light offers diverse applications 
spanning from chemical analysis and 
remote sensing to thermal imaging and 
free-space communications. For instance, 
IR imaging could advance optical tomo
graphy, autonomous vehicle navigation, 
night vision, and even food quality control. 

Nevertheless, developing photonic devices in this spectral range 
usually meets significant challenges associated with the need 
for unconventional materials and the limited choice of optical 
components.[12,13] Here, metasurfaces with their ultrathin 
dimensions and reduced absorption losses are very promising 
for mid-IR applications and could complement or even replace 
conventional mid-IR optical elements. However, to unleash the 
full potential of metasurfaces, there is an unmet need for low-
cost and wafer-scale fabrication methods that can provide high 
flexibility, production yield, and uniformity.

Recently a lot of effort has been channeled into realizing 
metasurfaces and photonic devices for the visible and near-IR 
spectral ranges with high-throughput methods such as nano-
imprint,[14,15] laser interference,[16] and deep-ultraviolet (DUV) 
lithography.[17,18] Most of these nanophotonic components are 
realized on fused silica substrates, which serve as excellent sub-
strates for metasurfaces in the visible and near-IR wavelength 
ranges because of its near-zero absorption coefficient, low 

Metasurfaces have emerged as a breakthrough platform for manipulating 
light at the nanoscale and enabling on-demand optical functionalities for 
next-generation biosensing, imaging, and light-generating photonic devices. 
However, translating this technology to practical applications requires low-
cost and high-throughput fabrication methods. Due to the limited choice 
of materials with suitable optical properties, it is particularly challenging to 
produce metasurfaces for the technologically relevant mid-infrared spectral 
range. These constraints are overcome by realizing functional metasurfaces 
on almost completely transparent free-standing metal-oxide membranes. A 
versatile nanofabrication process is developed and implemented for highly 
efficient dielectric and plasmonic mid-infrared metasurfaces with wafer-
scale and complementary metal–oxide–semiconductor (CMOS)-compatible 
manufacturing techniques. The advantages of this method are revealed by 
demonstrating highly uniform and functional metasurfaces, including high-Q 
structures enabling fine spectral selectivity, large-area metalenses with dif-
fraction-limited focusing capabilities, and birefringent metasurfaces pro-
viding polarization control at record-high conversion efficiencies.  Aluminum 
plasmonic devices and their integration into microfluidics for real-time and 
label-free mid-infrared biosensing of proteins and lipid vesicles are further 
demonstrated. The versatility of this approach and its compatibility with 
mass-production processes bring infrared metasurfaces markedly closer 
to commercial applications, such as thermal imaging, spectroscopy, and 
biosensing.
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refractive index, and sufficient mechanical durability. However, 
fused silica presents significant absorption losses in the mid-
IR, therefore limiting its use in this spectral window. Although 
the operating range of metasurfaces can be extended with sap-
phire[19] and fluoride-based[20,21] substrates, those materials are 
still opaque throughout most of the mid-IR wavelength bands. 
Moreover, IR transparent fluoride crystals are highly brittle and 
therefore pose a challenge for wafer-scale fabrication. Amongst 
commonly used substrate materials, the high refractive index Si 
and Ge are prone to reflection losses, and they do not provide 
the much-needed refractive index contrasts between the meta-
atoms and surrounding medium. Therefore, innovative fabrica-
tion approaches are needed to overcome the current limitations 
for producing metasurfaces with low-cost techniques for the 
technologically important mid-IR spectral range.

In this work, we address this long-standing challenge by 
introducing a versatile method for wafer-scale and cost-effective 
fabrication of nanophotonic metasurfaces. Our method is based 
on complementary metal–oxide–semiconductor (CMOS)-com-
patible processes in which the metasurfaces are fabricated in a 
high-throughput manner on silicon wafers supporting optically 
transparent free-standing Al2O3 membranes with DUV lithog-
raphy. The nanoscale membranes with a thickness of ≈100 nm 
show high transmission and effective refractive index close to 
unity across a broadband range, that is, from 2 to 20 µm, thus 
serving as almost optically invisible substrates for metasurfaces. 
We demonstrate the versatility of our membrane-based fabri-
cation method and its compatibility with a wide choice of all-
dielectric and plasmonic materials by realizing mid-IR metas-
urfaces for a diverse range of applications. First, we validate the 
fabrication precision and uniformity by producing spectrally 
selective metasurfaces with a variance of the spectral response 
of less than 0.22% across the entire wafer and comparable 
optical performance (e.g., resonance quality factor > 100) to 
the counterparts fabricated with high-end electron beam litho
graphy (EBL) methods. Additionally, we show functional dielec-
tric metasurfaces for light wavefront and polarization control, 
reaching diffraction-limited focusing capabilities and polariza-
tion conversion efficiency up to 96%. Furthermore, we present 
large-area plasmonic metasurfaces composed of CMOS-compat-
ible multiresonant aluminum (Al) nanoantennas. By integrating 
the Al-based metasurfaces into an opto-microfluidic device, 
we perform real-time and label-free mid-IR biosensing of the 
interactions between proteins and lipid vesicles. Our high-
throughput fabrication method based on Al2O3 free-standing 
membranes can open a path for low-cost and mass-production 
of metasurfaces to enable their widespread use in mid-IR device 
technologies and the relevant photonic applications.

2. Nanofabrication Process Flow and Optical 
Properties of the Free-Standing Membranes
The reported process flow is depicted in Figure 1a, which starts 
with an atomic layer deposition (ALD) of a 100 nm thick amor-
phous Al2O3 film onto a 4 in. silicon wafer. The Al2O3 is selected 
as the membrane material due to its compelling optical[22,23] 
and robust mechanical properties.[24] The second step involves 
the deposition of a thin Al or Ge film as the plasmonic and 

dielectric optical material for the metasurfaces, respectively. In 
order to create large-area metasurfaces in a high-throughput 
manner, DUV lithography processes are employed by using a 
stepper (ASML PAS 5500/350C, KrF laser source, λ = 248 nm) 
to print the patterns of metasurfaces. The patterns are trans-
ferred into the metasurface material (Al or Ge) by a dry etching 
process. Then the metasurface layer is coated with a photoresist 
(PR) layer from both sides, where the front side PR serves as 
a protective layer for the remaining steps, and the backside-
coated PR is exposed during a UV lithography step assisted 
by a backside alignment procedure. The UV lithography step 
defines the position and size of the free-standing membrane 
on the 4 in. wafer. The membrane-based metasurfaces are 
formed by removing the Si wafer material below the Al2O3 thin 
film by a deep reactive ion etching (DRIE) process. The final 
step involves wafer cleaning and PR removal by using oxygen 
plasma. The details of the fabrication method can be found in 
the Experimental Section.

Figure  1b displays a photograph of a fully processed 4 in. 
wafer consisting of multiple dielectric metasurfaces. To verify 
the optical properties of the free-standing membrane, we 
measured the transmittance of a 100 nm thick Al2O3 mem-
brane over a wide spectral range using a Fourier transform 
infrared (FTIR) spectrometer. As shown in Figure  1c, the 
results indicate that the ultrathin membrane significantly 
reduces the absorption losses when compared to bulk sapphire 
substrates, which results in a near-unity transmittance over 
an ultrawide bandwidth spanning from 2.5 µm (5000 cm−1)  
to 10 µm (1000 cm−1) and maintains above 85% transmit-
tance from 10 µm (1000 cm−1) to 20 µm (500 cm−1). Notably, 
the ultrathin thickness of the membrane reduces the effec-
tive refractive index of the surrounding medium down to 1.04 
(Figure S1, Supporting Information), which allows achieving 
close to ideal metasurface performance. In general, the pres-
ence of substrate breaks the symmetry of the dielectric envi-
ronment surrounding the meta-atoms, creating undesirable 
side effects such as resonance shift and broadening,[25] reduced 
efficiencies of the designed functionalities,[26–30] and unwanted 
interference phenomena.[25,28] In contrast, the remarkably low 
effective refractive index of the Al2O3 membranes significantly 
suppresses such undesired effects from conventional substrates 
and enables optically “free-floating” metasurface films in the 
air. Based on this unique configuration, we can improve the 
overall performance of metasurfaces (depicted in Figure 1d) for 
light wavefront control and biosensing.

3. High-Q Metasurfaces and Fabrication 
Uniformity
Metasurfaces that support high-quality-factor (high-Q) reso-
nances provide strong electromagnetic fields, spectral selectivity 
and enhancement of light–matter interactions for fluorescent 
spectroscopy,[31] differentiation of chiral molecules,[32] and non-
linear light generation.[33] A number of mechanisms have been 
adopted for the designs of high-Q metasurfaces, which include 
lattice[34,35] and Fano[36,37] resonances as well as bound states 
in the continuum (BIC).[9,33,38] Among them, the quasi-bound 
states in the continuum (quasi-BIC) have attracted significant 
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attention recently. The utilization of quasi-BIC modes allows 
great flexibility for tailoring the resonance bandwidth, spec-
tral locations, quality factor (Q-factor), and the distribution of 
the electric and magnetic fields across the meta-atoms.[39] For 
instance, meta-atoms that confine the fields within the reso-
nator volume can reach Q-factors up to tens of thousands and 
are attractive for developing nanoscale light sources[40–42] and 
spectrally selective beam steerers.[43] Whereas metasurfaces 
providing strong field enhancements outside the resonator with 
Q-factors of a few hundred are compelling for sensing appli-
cations.[9,11,38] Achieving quasi-BIC modes in metasurfaces rely 
strongly on the precise control of the geometric parameters 
that can be achieved by breaking the in-plane symmetry of 
their meta-atoms.[39] Notably, the resonance quality and the 
associated field enhancements of high-Q metasurfaces can be 
affected significantly by the imperfections introduced during 

the fabrication processes. As a result, the high-Q metasurfaces 
have been realized primarily by low-throughput and expensive 
methods such as EBL.[9,32,37]

We showcase the high-throughput fabrication of all-die-
lectric metasurfaces supporting quasi-BIC modes on 4 in. Si 
wafers each containing 37 chips of the ‘pixelated’ metasurfaces 
(Figure 2a). A single chip with a size of 10 × 10 mm and mul-
tiple meta-atom designs is shown in Figure 2b. For a detailed 
chip and lithography mask layout, see Figures S2 and S3, Sup-
porting Information. We analyze the fabrication uniformity 
and spectral response of the highlighted region in Figure  2b, 
which consists of 100 metapixels, see Figure S4, Supporting 
Information. Here, each metapixel is 100 × 100 µm and con-
tains an array of elliptically shaped Ge meta-atoms in which the 
symmetry of the unit cell is broken through their in-plane rota-
tions. Additionally, the unit cell size of each metapixel is scaled 

Adv. Mater. 2021, 2102232

Figure 1.  Wafer-scale fabrication of membrane-based metasurfaces. a) Fabrication steps of the membrane-based metasurfaces. 1) Atomic layer deposi-
tion of a 100 nm thick amorphous Al2O3 film. 2) Deposition of metasurface material. 3) DUV lithography for high-throughput pattern generation. 4) Dry 
plasma etching. 5) Photoresist coating. 6) UV laser writing for defining membrane openings. 7) Deep reactive ion etching through the wafer. 8) Oxygen 
plasma for resist removal. b) Photograph of a fully processed 4 in. silicon wafer consisting of large-area metasurfaces. c) Low refractive index (refractive 
index data are replotted from data presented in ref. [22]) and high transmittance throughout an ultrawide spectrum ranging from 2 to 20 µm make the 
Al2O3 membrane an attractive substrate material for mid-IR metasurfaces and nanophotonics. d) Illustration of various types of metasurfaces that are 
fabricated with the reported method, including tilted Ge ellipses supporting high-Q resonances, Ge nanopillars enabling wavefront and polarization 
control, and Al-based multiresonant plasmonic nanorod antennas for label-free biosensing.
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differently by a scaling factor (from 1 to 1.45 in 100 steps), there-
fore providing a broadband spectral range with high spectral 
resolution. Scanning electron microscopy (SEM) images show 
pixelated metasurface and confirm the high uniformity of the 
meta-atoms (Figures 2c,d). The high-magnification SEM dem-
onstrates the precise meta-atom geometry with the specific 
rotation angle α = 15°, which breaks the in-plane symmetry of 
the unit cell and controls the resonance Q-factor (Figure  2e). 
The cross-sectional SEM of the metasurface validates accurate 
meta-atom placement on the thin Al2O3 membrane (Figure 2f).

We characterized the optical performance of the pixelated 
metasurfaces with a tunable laser-based mid-IR microscope 
having a large-area hyper-spectral imaging function, see 
methods section. The measurement data show sharp and 
spectrally clean resonances that are precisely tuned from one 
metapixel to another over a wide wavelength range (Figure 2g). 
Notably, the experimental spectra are in good agreement with 
the numerical simulations (Figure S5, Supporting Informa-
tion) and achieved resonance Q-factors (Q  ≈ 100) are compa-
rable to similar metasurfaces made by high-resolution EBL, 
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Figure 2.  All-dielectric high-Q resonant metasurfaces. a) A nanopatterned standard 4 in. silicon wafer consisting of 37 pixelated dielectric metasurface 
chips. b) A single chip containing multiple metasurfaces. c) Color-coded SEM of high-Q pixelated dielectric metasurfaces. d) SEM of a single metapixel. 
Inset: Zoom-in image of the metasurface. e) High-magnification SEM image of the metasurface unit cell. f) Side view showing the thin Al2O3 membrane 
(in blue) and the Ge resonators (in orange). g) Normalized reflectance spectra of a single representative chip (from the region highlighted with black 
dashed lines in (b)) for every fifth metapixel out of 100, demonstrating spectrally selective resonances tuned across a wide spectrum. h) Resonance 
spectral position maps of the highlighted region for the nine different chips, with locations indicated in (a), demonstrate repeatability and high uni-
formity with a chip-to-chip spectral variance of less than 0.22%.
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see Figure S6, Supporting Information. Besides the precise 
replication of the meta-atom geometry, one of the important 
parameters of high-throughput fabrication is the uniformity 
of the device performance across the wafer. We measured the 
resonance positions of the pixelated metasurfaces over nine 
chips, as indicated in Figure  2a. The resonance spectral loca-
tion maps of the nine chips show near identical performance 
(Figure  2h). We further focused on individual metapixels of 
each chip with a scaling factor of 1.29, which show an average 
resonance wavenumber of 1423 cm−1 (Figure 2h). Based on the 
spectroscopic data, the chip-to-chip spectral variance is less 
than 3 cm−1, corresponding to less than 0.22% variation in the 
resonance spectral position (Figure 2h). These results confirm 
the high reproducibility and robustness of our fabrication pro-
cess, which could be implemented toward mass-production 
of mid-IR metasurfaces. Furthermore, our method is compat-
ible with different materials for the metasurface layer and the 
free-standing membranes. For instance, we also successfully 
demonstrate silicon-based high-Q metasurfaces on HfO2 mem-
branes, see Figure S7, Supporting Information.

4. Wavefront and Polarization Control

Meta-optics has shown a great promise for realizing photonic 
elements with on-demand functionalities, compact footprints, 
and seamless device integration for operation in transmis-
sion mode. In particular, meta-optical elements have signifi-
cant potential in the infrared spectral range where they could 
replace the conventional bulky optical components that are 
usually made from delicate and unconventional materials such 
as CaF2, ZnSe, and Ge by using costly fabrication techniques. 
However, achieving efficient and highly transmissive infrared 
meta-optical elements for light polarization and wavefront con-
trol is still challenging due to the limited choice of substrate 
materials. We tackle this problem by leveraging the unique 
advantages of the Al2O3 membranes and demonstrate two 
highly sought-after components, a metalens and a polarization 
controlling metasurface with high operation efficiencies. Such 
meta-optical components have the potential to replace the bulky 
and costly conventional mid-IR lenses and polarizers and could 
be readily used for miniaturized optical sensors, spectrometers, 
and integrated compact photonic devices.

In the metalens design, the meta-atoms are assigned as cir-
cular posts with a height of 3500 nm (Figure 3a) arranged in a 
hexagonal lattice. The symmetric shape and arrangement of the 
meta-atoms ensure that the resulting metalens will be insen-
sitive to the polarization of the incident light, which is ben-
eficial for not losing light in many practical applications. The 
simulation results of the transmittance and phase modulation 
versus the post diameter show a full 2π phase coverage with 
an average transmittance above 90% at the targeted working 
wavelength of 6.5 µm (Figure 3a, bottom). The results confirm 
that full wavefront control can be obtained while keeping the 
resulting device highly transmissive. The phase profile of the 
metalens is designed by considering the following equation:

2 2 2r f r fϕ π
λ ( )( ) = + −

�
(1)

where ϕ(r) is the required local phase at the radial distance 
of r from the center of the metalens, f is the focal length, 
and λ is the operational wavelength. The metalens consists 
of posts with different diameters that are arranged on the 
surface according to the calculated phase profile. The lens 
has a diameter of 700 µm and a designed numerical aper-
ture (NA) of 0.36. SEM images of the metalens are presented 
in Figure  3b,c. Zoom-in SEM images confirm that uniform 
posts with a high aspect ratio were successfully produced on 
the free-standing membrane after the etching process. We 
characterized the light focusing by the metalens using our 
tunable laser-based mid-IR microscope at a fixed wavelength 
of 6.5 µm. The cross-sections of the output beam profile were 
recorded at different positions along the z-axis to analyze the 
three-dimensional propagation of the focused mid-IR beam 
(Figure  3d). Notably, we observed a diffraction-limited spot 
size with a diameter of 22.2 µm for the metalens having an 
NA of 0.36, transmission efficiency of 90.3%, and focusing 
efficiency of 70.4%, which verify the designed functionali-
ties and the performance of the metalens (Figure S8, Sup-
porting Information). Additionally, the size of the metalenses 
can be increased further. We have realized membrane-based 
metasurfaces with sizes larger than 1 mm (see Figure S9,  
Supporting Information). The sizes of membrane-based 
metasurfaces could be further extended with a tiling 
approach to centimeter-size meta-optical elements in the 
future.

In the case of the birefringent metasurface, it consists of 
elliptical posts (shown in Figure  3e), where the optical phase 
of one polarization component is delayed compared to the 
other (see Figure S10, Supporting Information). When the dif-
ference of phase delay between the orthogonal polarization 
components (x and y, defined in Figure  3e) is π, the metas-
urface rotates the polarization of the incoming light into an 
orthogonal state, and as a result, the birefringent metasurface 
operates as a λ/2 plate. On the other hand, when the phase 
delay difference is π/2, it turns the incoming linear polariza-
tion into a circular one, and the metasurface operates as a λ/4 
plate. An SEM image of the birefringent metasurface is pre-
sented in Figure  3f. We characterized the birefringent metas-
urface using a tunable laser-based mid-IR microscope with an 
additional polarizer (analyzer) placed below the metasurface. 
Here, the polarization of the incoming laser light is linear and 
aligned to be at −45° with respect to the x-axis, see Figure 3e. 
The measurement data show that the metasurface performs as 
a λ/2 plate at 1360 cm−1 (7.35 µm) and rotates the polarization 
by 90° with 96% efficiency (Figure  3g), which is in excellent 
agreement with the simulation data (Figure S10, Supporting 
Information). Additionally, at 1440 cm−1 (6.95 µm), the birefrin-
gent metasurface induces a π/2 phase difference between the 
components and serves as a λ/4 plate. The results further point 
out that our method enables highly efficient metasurfaces for 
generating arbitrary polarization states at the targeted spec-
tral positions. Overall, the realized meta-optical components 
operate with an average transmittance beyond 90%, without 
any anti-reflection coatings, showing that our membrane-based 
method is capable of producing highly efficient and transmis-
sive metasurfaces for wavefront and polarization control in the 
mid-IR range.

Adv. Mater. 2021, 2102232
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5. Plasmonic Metasurfaces and In-Flow Mid-IR 
Biosensing

In addition to dielectric metasurfaces, the reported wafer-scale 
nanofabrication method can be used for producing plasmonic 
metasurfaces, making it highly versatile for a diverse set of 
nanophotonic device applications, including biosensing.[44] 
A particularly interesting plasmonic material is aluminum, 
because, unlike the typically used Au and Ag, it is a CMOS-
compatible metal capable of supporting resonances over an 

ultrabroad spectrum ranging from the UV to the IR.[45–49] Fur-
thermore, Al is a low-cost and the third most abundant element 
on Earth.[50] Al rapidly forms a 3–5 nm-thick Al2O3 oxide layer 
in air, acting as a protecting layer, which can also be function-
alized conveniently for biosensing applications.[51] Here, we 
designed a plasmonic metasurface consisting of Al nanoan-
tennas, where the unit cell is based on the recently introduced 
self-similar multiresonant design to perform broadband bio-
sensing using surface-enhanced IR absorption spectroscopy 
(SEIRA).[52] This powerful technique provides high sensitivity to 
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Figure 3.  Highly efficient metasurfaces for wavefront shaping. a) Metasurface unit cell and numerical simulation data of the phase and transmittance 
for different post diameters at the operating wavelength of 6.5 µm. The shaded region indicates the post diameters that are excluded from the metalens 
design due to their low transmission efficiency. b) SEM images of the metalens, where the constituent materials Si, Al2O3, and Ge are color-coded in 
green, blue, and orange, respectively. c) Cross-section of the metalens with highlighted thin Al2O3 membrane in blue and high-aspect-ratio Ge posts 
in orange. d) The metalens (NA = 0.36) shows strong focusing efficiency with a diffraction-limited spot size of 22.2 µm at λ = 6.5 µm. e) Schematic 
drawing of the birefringent metasurface unit cell and the optical setup. f) SEM of the fabricated birefringent metasurface. g) Optical measurements of 
the birefringent metasurface demonstrate λ/2 plate functionalities with polarization conversion efficiency of more than 96% at 1360 cm−1 wavenumber 
(λ = 7.35 µm, light gray line). Additionally, the metasurface operates as a λ/2 plate at 1440 cm−1 (6.95 µm, dark gray line).
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detect molecules at the monolayer level via the intense electric 
field enhancements at the nanoantenna hotspots, which boost 
light–matter interaction. Operation in the mid-IR provides 
access to absorption ‘fingerprints’ for chemically specific and 
label-free molecular detection. Our nanoantennas are precisely 
tuned to simultaneously provide strong electric field intensity 
enhancements in two spectrally separate mid-IR ranges, that is, 
around 1600 and 2900 cm−1 (Figure 4a), to enhance overlapping 
absorption bands of both proteins and lipids, respectively.[53] 
Thus, the designed metasurface offers sensitive and label-free 
monitoring of interactions between proteins and lipid vesi-
cles in real-time. We successfully fabricated these plasmonic 

metasurfaces on our Al2O3 membranes (Figure 4b), which are 
suitable as optical windows for in-flow experiments due to their 
highly transmissive and robust properties. Thereby, we can 
reverse the chip and mount it in a custom-built microfluidic 
device below a micro-FTIR objective so that the incident IR 
light excites the nanoantennas through the transparent mem-
brane backside and reflects the SEIRA signal to the detector 
(Figure 4c). In this configuration, the incident IR light does not 
travel directly through the water, and only the evanescent elec-
tric field senses the water molecules, which leads to two dips 
in the far-field resonances without completely quenching them 
(Figure 4d).[54] The measured spectral response is in very good 

Adv. Mater. 2021, 2102232

Figure 4.  High-throughput and CMOS-compatible aluminum plasmonic metasurfaces for real-time optofluidic mid-IR biosensing. a) Numerical simu-
lation data of the electric field enhancement at the two targeted resonance positions. b) SEM images of multiresonant plasmonic nanoantenna arrays. 
c) Illustration of the microfluidic integration with the membrane metasurface chip. d) The optical responses of the plasmonic metasurface in dry 
(dashed curve) and water medium (solid curve) show two strong resonances indicated by red and blue shades for simultaneous sensing of proteins 
and liposomes. e) Measured absorbance of the EDC/NHS surface activation molecules, streptavidin protein, and liposomes. f) Real-time regression 
signals of the streptavidin binding and liposome capturing events on a metasurface functionalized with phosphonic acids whose carboxyl groups were 
activated with an initial EDC/NHS solution. The inset schematics provide a chronological depiction of the biomolecular events where the monolayer 
of bound phosphonic acids on the nanoantennas is represented with three colors, that is, red for the phosphate group moieties binding to the surface, 
black for the alkyl chain, and orange for the carboxyl group.
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agreement with numerical simulation data (Figure S11, Sup-
porting Information).

We used our membrane-supported plasmonic metasurface 
to perform in situ real-time SEIRA measurements to observe 
the capturing of liposomes. These are important biomolecular 
entities, which are constituted of lipid molecules forming 
spherical-shaped vesicles, and they can encapsulate molecules, 
for example, for cellular communication in physiology, or for 
drug delivery in engineered systems. Our SEIRA experiment 
consists of the subsequent injections of an EDC/NHS activa-
tion solution, streptavidin proteins, and finally biotinylated 
liposomes onto the chip surface, which was first functional-
ized ex situ with a carboxyl-terminated phosphonic acid (see 
Figure S12, Supporting Information, and accompanying sup-
plementary text), whose phosphate anchor groups have a 
strong binding affinity to various metal and metal-oxide sur-
faces including Al2O3.[51] Using reference absorption spectra 
for these three different analytes (Figure  4e), multiple linear 
regression resolves the biomolecular events on the sensor sur-
face by tracking each analyte signal separately against time 
(Figure  4f).[53] In these real-time data, first, the EDC/NHS 
signal peaks (t  = 45 min) before eventually dropping back to 
the baseline level. Next, the streptavidin signal starts to rise  
(t = 50 min) as the proteins covalently bind to the freshly acti-
vated carboxyl end groups of the phosphonic acid molecules 
that form the monolayer. After protein signal stabilization, 
the lipid signal increases (t  = 130  min) with the liposomes 
binding to streptavidin via their displayed biotin groups. This 
experiment confirms the suitability of our Al-based plasmonic 
membrane chips for real-time, chemically specific biosensing 
in water. Furthermore, our metasurface sensor also offers 
the exciting perspective of augmenting it with deep learning 
algorithms to resolve even more complex biological sam-
ples.[55] Previously, EBL-fabricated Au nanoantennas on CaF2 
substrates were used for in situ SEIRA spectroscopy measure-
ments.[10,56] Switching to a wafer-scale fabrication process flow, 
with a CMOS-compatible plasmonic metal such as Al, offers 
the prospect of mass-producible biosensor chips, which could 
eventually be used for disposable diagnostic devices.

6. Conclusions

We have overcome the long-term limitations for mass-pro-
ducing large-area highly efficient mid-IR metasurfaces by 
introducing a novel approach for a CMOS-compatible fabri-
cation method that utilizes free-standing Al2O3 membranes. 
Due to the deeply subwavelength thickness (≈2% of the 
operating wavelength), the membrane-based metasurfaces 
are optically transparent over a wide spectral range, and 
they have a remarkably low effective refractive index, which 
makes them a nearly ideal nanophotonic substrate and an 
optical window for various applications. The versatility of our 
method has been proven by realizing various types of large-
area dielectric and plasmonic metasurfaces on 4 in. wafers 
for mid-IR photonics and biomedical spectroscopy. We have 
demonstrated high-Q resonant dielectric metasurfaces, highly 
efficient metalenses, and birefringent polarization-selective 
metasurfaces with record-high efficiencies. Additionally, we 

have incorporated aluminum-based plasmonic metasurfaces 
into microfluidic devices for real-time, label-free biosensing, 
which could be used for disposable medical devices. Consid-
ering the superior optical properties of the membranes and 
their compatibility with a diverse set of materials, they can 
be implemented in various compact and efficient photonic 
and micro-optical elements in a wide spectral range. Notably, 
although we realized the nanofabrication of large-area metas-
urfaces on 4 in. wafers in this work, the reported method can 
be seamlessly adapted for high-throughput of nanophotonic 
devices on the commonly used 12 in. wafers in the most 
advanced semiconductor foundries. Therefore, our high-
throughput and cost-effective fabrication method could 
accelerate the adoption of metasurface photonics in the semi-
conductor industry and provide cutting-edge optical devices 
and systems for mid-IR applications.

7. Experimental Section
Numerical Simulations: The numerical simulations of the metasurface 

optical response were performed using CST Microwave Studio software. 
Ge was assumed to be lossless and had a refractive index of 4.0 in the 
spectral range from 5.5 to 8.5 µm, and for Al2O3, the optical properties 
were taken from Kischkat et al.[22]

Lithography Mask Fabrication: The reticle (DUV lithography mask) 
was realized on a 6-in. low thermal expansion quartz plate, which was 
coated with a 90  nm-thick layer of chromium and a 500  nm-thick PR 
layer (AZ1512 from MicroChemicals GmbH). The various metasurface 
geometries were patterned into the PR with direct UV laser writing 
(VPG200 from Heidelberg Instruments Mikrotechnik GmbH). Due to 
the DUV stepper machine’s demagnification of 4×, the nanoantenna 
shapes on the reticle were 4× enlarged compared to the desired pattern 
size on the wafer. After exposure, PR was developed and, subsequently, 
Cr was etched. The final step included PR stripping and rinsing with 
deionized water.

Thin-Film Preparation: Double side polished 4 in. Si wafers were 
cleaned by a full standard RCA cleaning process. Al2O3 thin films were 
coated on the top of the wafers by using atomic layer deposition process 
(BENEQ TFS200). The films were formed on the wafer surfaces by 
injecting consecutive pulses of trimethyl aluminum (TMA, as precursor) 
and H2O into the chamber at 200 °C. The deposition rate was 1.1 Å s−1. 
The resulting thin films show a surface roughness of 1.5 nm.

For the pixelated metasurfaces demonstrated in Figure  2, a 
700 nm Ge thin film was deposited on the Al2O3-coated Si wafer 
using an electron-beam evaporator (Leybold Optics LAB 600H). 
The start pressure for the material deposition was 10−7 mbar. The 
measured surface roughness of the evaporated Ge thin film was 
2.27 nm. DC sputtering with Ar plasma was used to deposit Ge thin 
films on the wafers for wavefront shaping and polarization control 
metasurfaces shown in Figure  3. The start pressure for the material 
deposition was less than 10−6 mbar. The deposition rate was 6.5 Å s−1,  
and the resulting thin films had surface roughness of 7.95 nm. 
For the aluminum plasmonic metasurfaces shown in Figure  4, an 
electron-beam evaporator (Alliance-Concept EVA 760) was used for 
the evaporation of 100 nm Al thin films. The deposition rate was set 
as 5 Å s−1 at the base pressure less than 10−7 mbar. The measured 
roughness of the Al thin films was found to be 1.94 nm.

Metasurface Fabrication: DUV lithography steps (anti-reflective layer 
and PR coating, exposure, and development) were followed on the thin 
films. After the development, the patterned PR was used as an etchmask 
for the dry etching process. Then, the metasurface was coated with an 
8 µm thick PR (AZ 10XT-60) layer from both sides. A UV lithography 
step with backside alignment was performed using a direct laser writing 
lithography tool (MLA150 from Heidelberg Instruments Mikrotechnik 
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GmbH), after which followed the development step. In order to increase 
the durability and etch selectivity during the DRIE process, PR was cured 
at 85 °C for at least 8 h. The thin free-standing membranes were formed 
by removing the Si wafer material using a DRIE process until it reached 
the Al2O3 layer. The final step involved the remaining PR removal with 
O2 plasma.

Optical Measurements: The free-standing membrane transmittance 
characterization, as well as real-time plasmonic reflectance 
measurements, were performed using an IR microscope (Bruker 
Hyperion 2000) coupled to a Fourier transform IR (FTIR) spectrometer 
(Bruker Vertex). The high-Q, birefringent, and optical wavefront 
control metasurfaces were characterized using a laser-based IR 
microscope (DRS Daylight Solution Spero), which was equipped with 
four tunable quantum cascade lasers covering the spectral range 
from 948 to 1800 cm−1 with power ranging from 2 to 9.5 mW. The 
microscope had two different objectives, a low magnification 0.15 NA 
with 2 mm field of view (FOV) and a high-magnification 0.7 NA with 
0.65 mm (FOV). The 0.15 NA objective was used to characterize the 
high-Q and birefringent metasurfaces, which allowed simultaneous 
acquisition of the spectral response from all 100 metapixels. The 
0.7 NA objective was used to measure the focusing beam profiles of 
the metalenses.
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