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Low-loss nanostructured dielectric metasurfaces have emerged as a 
breakthrough platform for ultrathin optics and cutting-edge photonic 
applications, including beam shaping, focusing, and holography. However, 
the static nature of their constituent materials has traditionally limited them 
to fixed functionalities. Tunable all-dielectric infrared Huygens’ metasurfaces 
consisting of multi-layer Ge disk meta-units with strategically incorporated 
non-volatile phase change material Ge3Sb2Te6 are introduced. Switching the 
phase-change material between its amorphous and crystalline structural state 
enables nearly full dynamic light phase control with high transmittance in the 
mid-IR spectrum. The metasurface is realized experimentally, showing post-
fabrication tuning of the light phase within a range of 81% of the full 2π phase 
shift. Additionally, the versatility of the tunable Huygen’s metasurfaces is 
demonstrated by optically programming the spatial light phase distribution of 
the metasurface with single meta-unit precision and retrieving high-resolution 
phase-encoded images using hyperspectral measurements. The programmable 
metasurface concept overcomes the static limitations of previous dielectric 
metasurfaces, paving the way for “universal” metasurfaces and highly efficient, 
ultracompact active optical elements like tunable lenses, dynamic holograms, 
and spatial light modulators.

DOI: 10.1002/adfm.201910259

A. Leitis, Dr. A. Tittl,[+] Prof. H. Altug
Institute of Bioengineering
École Polytechnique Fédérale de Lausanne (EPFL)
Lausanne 1015, Switzerland
E-mail: andreas.tittl@epfl.ch; hatice.altug@epfl.ch
A. Heßler, S. Wahl, Prof. M. Wuttig, Prof. T. Taubner
Institute of Physics (IA)
RWTH Aachen University
Aachen 52056, Germany

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.201910259.

of materials can be controlled at will 
by designing subwavelength structures 
(“meta-units”) that strongly interact with 
the incident light.[1–8] While originally only 
enabling static functionality,[9] these con-
cepts have recently been extended towards 
active optical devices by employing tun-
able metasurfaces for sensing and light 
focusing applications, where the optical 
response can be controlled using light 
inclination,[10–12] stretchable substrates,[13] 
electrostatic biasing of two-dimensional 
(2D) materials such as graphene,[14,15] and 
phase change materials.[16–18]

Phase change materials such as ger-
manium antimony telluride compounds 
((GeTe)x-(Sb2Te3), short GST, are especially 
promising for tunable applications[19] 
because their non-volatile phases (amor-
phous and crystalline) at room tempera-
ture enable high optical contrast with fast 
switching speeds.[20] This pronounced 
contrast between the phases originates 
from a unique bonding mechanism, 
referred to as “meta-valent bonding.”[21–23] 

In particular, GST layers can be switched from the amorphous 
to the crystalline state by increased temperature or optical or 
electrical pulses.[24] They can be re-amorphised using a melt-
quench process, where the crystalline GST is heated over the 
melting point and then rapidly cooled down on nanosecond 
time scales.[19] Intermediate crystallization states of phase tran-
sition can also be accessed, enabling continuous tuning of the 
material properties.[25]

So far, most tunable metasurface approaches were realized 
by placing plasmonic resonators on top of thin phase change 
material films with thicknesses of 10 to 100 nm. Several 
plasmonics-based reconfigurable metasurface applications have 
already been demonstrated, including beam steerers,[26] bifocal 
cylindrical lenses,[27] tunable antennas,[28] perfect absorbers,[29] 
and circular dichroism.[30] Even more complex electromagnetic 
wave phase coding has been demonstrated in the GHz spec-
tral range with metal-based antennas.[31–34] However, the high 
ohmic losses of metals and tunable materials like graphene and 
VO2 constrain plasmonic metasurfaces in the infrared spectral 
range to low transmission efficiencies,[35,36] limiting the reali-
zation of practical optical elements such as lenses and phase 
plates.

To overcome the losses associated with plasmonic geome-
tries, new types of metasurfaces based on all-dielectric particles 
have emerged, where the strong optical response is provided 

1. Introduction

Metasurfaces have emerged as one of the most exciting 
research directions in optics, where light scattering properties 
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by displacement currents rather than ohmic currents,[37] 
therefore significantly reducing the intrinsic losses of the res-
onators. Furthermore, the oscillating displacement current 
loops in dielectric resonators can provide a stronger magnetic 
response compared to the plasmonics,[38] allowing to combine 
both electric and magnetic modes to create so-called Huygens’ 
metasurfaces with unprecedented near-unity transmission and 
full optical phase control.[39] This in turn enables imparting 
arbitrary phase patterns onto these metasurfaces, leading to the 
generation of freely designable holograms.[6]

Even though tunable resonators composed solely out of GST 
have been proposed,[40–42] their large sizes make such bulk 
GST structures challenging to switch between amorphous and 
crystalline phases. In an alternative approach, localized high 
refractive index regions can be embedded within a thin GST 
film using laser writing, enabling the realization of function-
alities like greyscale holograms, reconfigurable Fresnel zone 
plates, and super-oscillatory lenses at visible and near-infrared 
wavelength ranges.[43,44] In combination with polar crystal 
substrates, this was also employed to produce erasable ultra-
confined surface phonon polariton resonators in the infrared 
wavelength range.[43] However, the low layer thicknesses 
required for efficient GST switching prevents such geometries 
from simultaneously sustaining magnetic and electric dipole 
modes, therefore these approaches suffer from low optical 
phase tunability and transmission efficiency when compared to 
Huygens’ metasurfaces.[45]

Because of all these constraints, tunable and highly trans-
missive metasurfaces with complete control over the phase of 
light for practical optical applications are still missing. Here, 
we present an all-dielectric optically programmable Huygens’ 

metasurface with high transmission efficiency and nearly 
complete 2π light phase control for wavefront manipulation 
applications. We first describe the design principle of the multi-
layer and multi-material dielectric meta-units via the overlap of 
the magnetic and electric dipole resonances. Next, we experi-
mentally show how these two fundamental resonances can 
be tuned optically by switching individual meta-units with a 
pulsed laser, featuring an average transmission of more than 
50% and an optical phase tuning range approaching 2π. Finally, 
we demonstrate the versatility of our method by optically pro-
gramming the spatial light phase distribution of the metasur-
face with single meta-unit precision and retrieving high-resolu-
tion phase-encoded images using hyperspectral measurements.

2. Metasurface Working Principle

Our programmable metasurface design consists of meta-units 
formed by a multi-layer dielectric disk resonator incorporating 
two layers of the phase-change material Ge3Sb2Te6 (GST) 
around a germanium (Ge) core, which is chosen for its near 
zero absorption losses and high refractive index in the mid-IR 
spectral range (Figure 1a). GST exhibits strong refractive index 
contrast when switched between the amorphous and crystalline 
phases[28] as well as low absorption losses in the mid-IR range 
(Figure S1, Supporting Information), making it well-suited for 
the realization of high efficiency optical elements and devices.[28] 
Due to the non-volatile nature of the GST phases, intermediate 
crystallization states can be accessed and maintained, allowing 
for fine tuning of the meta-unit’s optical properties.[41] The 
meta-unit shape and height are specifically designed to sustain 
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Figure 1. All-dielectric programmable Huygens’ metasurfaces. a) A multi-layer dielectric meta-unit design incorporating the switchable phase-change 
material GST in a sandwich-like structure enables mid-IR optical phase modulation. b) The disk-shaped meta-units sustain magnetic (MD) and electric 
dipole (ED) resonances, where the spectral positions can be dynamically reconfigured by changing the crystallinity of the GST layers. c) The sketched 
optical response of the metasurface shows high transmittance at the ED and MD overlap position, where the Kerker condition is fulfilled. d) Due to 
contributions from both the ED and MD resonances, the sketched optical phase profile exhibits a nearly 2π phase shift across the resonance overlap 
position, providing full control over the propagation phase of transmitted light. e) Using ultrashort laser pulses, arbitrary spatial phase profiles can be 
encoded on the metasurface, enabling the realization of a multitude of programmable optical elements.
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both electric dipole (ED) and magnetic dipole (MD) resonances 
in close spectral proximity (Figure 1b). The electric dipole mode 
is induced by the incident electric field, which creates a collec-
tive polarization of the dielectric meta-unit at the resonance 
frequency.[46] The magnetic dipole mode is characterized by an 
oscillating displacement current loop, which creates an associ-
ated strong magnetic dipole.

Due to the strategic GST layer placement on the top and 
bottom side of the meta-unit, the magnetic mode (high fields at 
the sides) is influenced more by the refractive index change of 
the GST upon crystallization than the electric mode (high fields 
at the center), resulting in a comparatively larger spectral shift 
ΔλMD (Figure 1c). During the crystallization, the Kerker con-
dition[47] is satisfied, where the spectral and spatial overlap of 
both resonances provides constructive interference in the trans-
mission direction and results in near perfect transmittance at 
the operating wavelength (λ0, Figure 1c). The combination of 
the respective optical phase shifts of π associated with each 
resonance enables nearly full 2π phase modulation across the 
spectral position of resonance overlap (Figure 1d). In addition, 
intermediate crystallization states enable the encoding of dif-
ferent values of the light phase in the whole accessible phase 
range while maintaining high average transmittance at the 
operating wavelength (grey region in Figure 1c,d). Crucially, by 
optically switching individual meta-units of the metasurface, it 
is possible to write an arbitrary optical phase profile onto the 
surface, which enables the realization of versatile optical devices 
like tunable lenses, and spatial light modulators[48] (Figure 1e).

3. Meta-Unit Design and Numerical Simulations

The optimized tunable meta-unit consists of a disk with a radius 
of 640 nm and a unit cell periodicity of 2000 nm (Figure 2a). Its 
core is made of germanium (thickness HGe = 330 nm), which is 
surrounded by top and bottom layers of GST (HGST = 90 nm) in 
a multi-layer configuration. To protect the GST from oxidation 
and prevent inter-atomic diffusion between the GST and Ge, 
additional ZnS:SiO2 buffer layers of 10 nm thickness are intro-
duced at the layer interfaces. CaF2 is chosen as substrate mate-
rial because of its low refractive index and near-zero absorption 
in the near- and mid-IR spectral regions.

Numerical simulations show that at the resonance frequency 
of the ED mode, the displacement field D is confined in 
the central part of the meta-unit (Figure 2b). In contrast, 
the displacement field for the MD resonance is also located  
in the bottom and the top GST layers of the meta-unit, resulting 
in a higher sensitivity to the GST refractive index changes 
during the phase transition (Figure 2c).

The numerical simulations of the metasurface’s optical 
response were performed for different intermediate GST layer 
crystallization states, where a linear interpolation of the GST 
complex permittivity between the amorphous and crystalline 
states was assumed (see Supporting Information for details). 
The layer thickness and the disk radius are tailored to produce 
ED and MD modes in close spectral proximity when the GST is 
amorphous, with the MD mode at a slightly lower wavelength 
to ensure spectral overlap when the GST layer crystallizes. The 
spectral locations of the ED and MD modes were analyzed by 

probing the electric and magnetic fields at the center of the disk 
resonator (see Figure S2, Supporting Information).

As can be seen from the plot of transmittance over crystal-
lization state and wavelength in Figure 2d, there is a strong 
spectral overlap of the ED (white curve) and MD (bright red 
curve) modes at a wavelength of around 3.75 µm (dashed black 
line), which results in high transmittance values in this spectral 
region. Since the bright red curve has a steeper slope than the 
white curve, the simulated data confirms that the MD mode is 
more sensitive to the changes in the GST crystallization state 
than the ED mode and therefore experiences larger spectral 
shifts. The extracted light phase spectrum from each crystalli-
zation state shows that a phase shift of nearly 2π is accessible 
in the operating wavelength range (Figure 2e). Finally, we spe-
cifically compare the transmittance and light phase values at the 
operating wavelength of 3.75 µm for each crystallization state 
(Figure 2f). We calculate a total light phase shift of Δϕ = 0.86 · 2π 
with an average transmittance of 0.62. This large optical phase 
modulation can be used for the implementation of optical 
devices such as beam deflectors using programmable Huygens’ 
metasurfaces as presented in Figure S3, Supporting Informa-
tion. Furthermore, we show that our all-dielectric disk geometry 
confines the electric near-fields mostly inside its volume at the 
electric and magnetic dipole resonances, mitigating the cou-
pling between neighboring meta-units and enabling full control 
of the phase profile in a straightforward manner (see Figure S3, 
Supporting Information). The transmission efficiency can be 
further improved to surpass 70% by embedding the resonators 
in a medium with a refractive index that matches the substrate 
material (see Figure S4, Supporting Information).

4. Experimental Realization

To tailor and study the mode overlap, multiple programmable 
metasurfaces consisting of unswitched meta-units (amorphous 
GST phase) with varying disk radius from 500 to 790 nm and a 
constant periodicity of 2000 nm were fabricated (see Section 7) 
and the transmittance of each array was characterized using 
a Fourier-transform IR (FTIR) spectrometer in combination 
with an infrared microscope equipped with custom-made aper-
tures that reduce the polar and azimuthal angular spread (see 
Figure S5, Supporting Information).

The plot of measured transmittance over disk radius and 
wavelength reveals that the spectral positions of the two main 
modes of the system are strongly modified by the radius of the 
disks (Figure 3a). Specifically, we find an increased sensitivity of 
the ED mode (dashed white line) to the disk radius compared 
to the MD mode (dashed bright red line), therefore allowing for 
the fine adjustment of the individual mode positions. Figure 3b 
displays a scanning electron microscopy (SEM) image of part of 
the metasurface with R = 630 nm. Additionally, we performed 
atomic force microscopy (AFM) measurements of the height 
and side wall profile of a meta-unit with R = 650 nm, which 
agrees well with the expected structure height of H = 500 nm 
(Figure 3c). The corresponding numerically simulated trans-
mittance spectra of the metasurface are in very good agreement 
with the FTIR measurements (Figure 3d), assuming a slightly 
thinner GST layer thickness of 70 nm, Ge central core thickness 
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of 325 nm and side wall tapering angle of 10°. Here, the slightly 
lower layer thickness could arise from deposition rate uncer-
tainties in the sputtering process. Exemplary spectra for three 
different radii from both the experimental measurements and 

numerical simulations are displayed in Figure 3e,f, highlighting 
the good agreement. Interestingly, both the experimental and 
numerical data reveal the presence of an additional dipole 
mode at higher wavelengths (>4 µm), which results from the 

Adv. Funct. Mater. 2020, 30, 1910259

D = 1280 nm

HZnS:SiO

P = 2000 nm

a

b

c

GSTHGST

HGST

HGe

CaF

Ge

GST

el
ec

tri
c 

di
po

le
 m

od
e

m
ag

ne
tic

 d
ip

ol
e 

m
od

e

0

1.0

D
/D

m
ax

0

1.0

D
/D

m
ax

3.2

3.8

4.4

3.2

3.8

4.4

transm
ittance

0

1.0

crystallization state 

crystallization state 

w
av

el
en

gt
h 

(μ
m

)

phase

0

w
av

el
en

gt
h 

(μ
m

)

MD

ED

1.00.2 0.4 0.6 0.80

1.00.2 0.4 0.6 0.80

0.6

0.8

0.4

0.2

1.0

0.0

tra
ns

m
itt

an
ce phase

e

d

f

am
or

ph
ou

s crystalline

0

resonator cross-section

k

E

Figure 2. Huygens’ meta-unit design simulations. a) Sketch of the multi-layer tunable meta-unit design, showing the CaF2 substrate, Ge and GST 
resonator materials, and the ZnS:SiO2 buffer layers. b,c) Simulated displacement field profile at the ED and MD resonance wavelengths, showing 
that the MD resonance confines the displacement field strongly in the GST layers, therefore making it more sensitive to the refractive index changes 
associated with the GST phase transition. d) Simulated transmittance (color-coded) of the Huygens’ metasurface when the GST layers are gradually 
tuned from the amorphous to the crystalline state. e) Simulated transmission optical phase profiles (color-coded) for the same GST crystallization 
states from panel (d). f) Transmittance (solid) and light phase (dashed) values at the operating wavelength of 3.75 µm (dashed black line in (d),(e)) 
for all intermediate GST crystallization states.
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non-normal light incidence and is associated with a displace-
ment current loop parallel to the layer stack and a magnetic 
dipole pointing along the layer stack normal.

5. Metasurface Programming

Spatially selective GST crystallization was performed by means 
of optical switching with a pulsed laser (λlaser = 660 nm ≪ λ0), 
enabling precise control of the location and crystallization 
state, where increasing laser pulse powers were leveraged to 
obtain higher levels of GST layer crystallization (Figure 4a). 
Thus, individual meta-units can be switched to different crys-
tallization states, enabling true optical programming of the 
metasurface.[28] Accordingly, individual subarrays of the disk 
array with R = 650 nm were optically switched and then charac-
terized with a 2D focal plane array imaging detector attached to 
the FTIR spectrometer (Bruker Vertex 70), allowing to measure 

the spectral response of multiple neighboring subarrays and 
different material states simultaneously with micrometer 
pixel resolution. Each disk antenna was switched individually 
with a single laser pulse of 500 ns duration and varying pulse 
power (see Section 7 for details). The spectra extracted from 
hyperspectral imaging data show that the resonance posi-
tion exhibits a pronounced spectral shift with increased laser 
pulse power (Figure 4b). The numerical simulations with inter-
mediate crystallization states are in good agreement with the 
measured data and confirm the ED and MD mode overlap at 
a wavelength of around 3.75 µm. The sidewall tapering and 
inclined light incident angle perturb the ED and MD modes, 
reducing the metasurface transmission efficiency at the ED 
and MD resonance overlap. Nevertheless, the average transmit-
tance for all crystallization states at the operation wavelength 
λ0 = 3.75 µm still remains over 53%, while the extracted light 
phase from the numerical data demonstrates a modulation of 
81% of the full 2π phase shift (see Figure 4c and Figure S6, 

Adv. Funct. Mater. 2020, 30, 1910259

Figure 3. Geometrical tuning of mode overlap. a) Experimentally measured metasurface transmittance for meta-unit arrays with different disk radius, 
where the dashed lines indicate the spectral location of the ED and MD resonant modes. b) SEM micrograph of nanostructured meta-units with 
R = 630 nm. c) AFM scan of meta-units with R = 650 nm confirms the expected disk height. d) Numerically simulated transmittance spectra plot for 
different disk radii. e,f) Comparison of individual spectra for the experiments and simulations from panels (a) and (d), offset in y-direction for clarity 
with R values given in nanometer units.
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Supporting Information). Moreover, the transmittance min-
imum in Figure 4b shifts by around Δλ = 360 nm, resulting in 
a tuning figure of merit of TFOM = Δλ/FWHM = 1.8, where 
the full-width-half-maximum (FWHM) of the amorphous state 
was taken as the reference. Thus, the transmittance can be 
tuned from in-resonance to completely out-of-resonance, ena-
bling transmittance modulations of up to 60%. Additionally, we 
show reversible switching of the GST multi-layer system by a 
re-amorphization and re-crystallization process (Figure S7, Sup-
porting Information).

In order to demonstrate the optical programming of our 
Huygens’ metasurface, we encoded images of the letters 
“G,” “S,” and “T” into the metasurface with R = 680 nm by 
switching the individual meta-units to different crystallization 

states (Figure S8, Supporting Information). The change in the 
resonant properties is confirmed with data from the hyper-
spectral imaging measurements, which allow to directly cor-
relate the spectral information with the simulated light phase. 
The metasurface induced light phase shift is displayed pixel 
by pixel in a color-coded spatial light phase map (Figure 4d). 
The spectrally imaged light phase is overlaid on top of an 
optical micrograph of the metasurface, confirming the accu-
rate addressing of single meta-units by our laser switching 
method. We further demonstrate that not only the optical 
phase can be tuned, but also the transmission of the metasur-
face can be controlled in the spectral range around the opera-
tion wavelength in Figure 4e, where the transmittance data is 
displayed over the optical micrograph of the metasurface. The 

Adv. Funct. Mater. 2020, 30, 1910259

Figure 4. All-optical metasurface programming. a) The crystallization states of individual meta-units are controlled by illumination with ultrashort 
laser pulses with a pulsed laser (λlaser = 660 nm ≪ λ0), enabling spatial control over the transmission phase profile. b) Experimental and simulated 
metasurface transmission for different crystallization states of the GST (prepared experimentally with the denoted laser powers), where grey curves 
show additional simulated intermediate crystallization states. A clear shift of the resonance across the operation wavelength λ0 = 3.75 µm is observed 
(grey shaded area). The features at 4.3 µm originate from ambient CO2 absorption. c) Simulations of the light phase spectra for the crystallization 
states in (b). Extracted phase values at λ0 = 3.75 µm (grey line) confirm nearly complete 2π phase control. d) Programming of arbitrary spatial light 
phase distributions is demonstrated by encoding the letters “G,” “S,” and “T” into our metasurface with different crystallization states, that is, light 
phase (color-coded). The image is overlaid over an optical micrograph of the metasurface. e) Color-coded transmittance images for different resonance 
positions, highlighting the spatial light modulation capabilities of our programmable metasurface, where Tmax denotes the maximum transmittance 
value at the specific wavelength.
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hyperspectral imaging data shows that the transmission can be 
gradually tuned and high contrast can be obtained at different 
spectral locations. Therefore, our multi-layered dielectric meta-
unit design provides nearly complete control of light phase 
and transmission, which can be arbitrary programmed with 
single meta-unit precision, making this method ideally suited 
for diverse applications like tunable lenses or dynamic beam 
shaping. In order to demonstrate the versatility of our Huygens’ 
metasurfaces we studied beam focusing and manipulations in 
Figure S9, Supporting Information.

6. Conclusions

We have demonstrated a novel metasurface-based concept 
for nearly full light phase control with high transmission effi-
ciency. Specifically, we incorporated the phase change material 
Ge3Sb2Te6 in the all-dielectric multi-layer meta-unit design, 
which enables dynamic control of the spectral overlap between 
ED and MD modes. Thus, each meta-unit acts as a Huygens’ 
source with variable light phase. The numerical simulations 
show near 2π phase shift upon GST layer crystallization with 
average transmittance above 50%. We experimentally realized 
such a metasurface by nanofabrication and characterized its 
performance with FTIR spectral measurements, which showed 
very good agreement with the numerical simulations. In order 
to demonstrate the versatility of our method, we optically pro-
grammed a light phase profile into the metasurface with single 
meta-unit precision and a maximum light phase tunability of 
81% of full 2π. The encoded images were extracted with hyper-
spectral measurements. Our method targets the important 
mid-IR spectral window where it could enable applications in 
key areas like adaptive optics in astronomy, infrared imaging 
for defence and security, free-space optical communication,  
and remote sensing. Moreover, with emerging low-loss phase 
change materials at near-infrared and visible frequencies, 
the operational spectral window of the active metasurfaces can 
be further expanded.[49,50] Therefore, our method provides an 
attractive platform for programmable and efficient wave front 
manipulation for a wide range of applications from tunable 
lenses and beam shapers to dynamic holograms and active 
image correction.

7. Experimental Section
Numerical Simulations: The metasurface optical performance 

was simulated using the finite-difference time-domain software CST 
microwave studio. The CaF2 substrate was assumed to be lossless and 
with non-dispersive refractive index nsub = 1.4. The ZnS:SiO2 buffer 
layers were assumed to be lossless with a refractive index nbuffer = 1.6, 
while the germanium was assumed to be lossless with an average 
refractive index of nGe = 4.03. The GST was simulated with the real part 
of the complex permittivity as displayed in the Figure S1, Supporting 
Information. For the Figures 3 and 4, the numerical simulations were 
performed assuming light inclination angle of 18° with angular spread 
from 16° to 20° and s-polarization state. For the numerical simulations 
in Figure 4b, uniform crystallization on both top and bottom GST layers 
were assumed, which gives good agreement with the experimental data. 
However, for more accurate description of the crystallization profile 

during optical switching, multiphysics simulations should be taken into 
account.[48]

Metasurface Fabrication: The GST and Ge layers were sputtered with 
direct current magnetron sputtering while ZnS:SiO2 buffer layers were 
deposited by radio frequency magnetron sputtering. The GST was in the 
amorphous phase after deposition. The resonator pattern was written 
by electron beam lithography in double layer poly methyl methacrylate 
(PMMA) photoresist with different molecular weights (500 nm 495 K 
PMMA and 70 nm 950 K PMMA). A hard mask of 100 nm Al2O3 was 
deposited by electron beam evaporation. Subsequently, a lift-off process 
was performed to obtain the hard mask pattern. The disk patterns were 
transferred into the underlying layer stack by ICP plasma etching with 
Ar/CF4 gas mixture ratio 50/10 sccm, RF power of 300 W, and chamber 
pressure of 50 mTorr. In order not to damage the GST layers and as the 
hard mask only slightly perturbs the overall performance, the remaining 
hard mask was not removed.

Optical Measurements: The optical response of the multi-layer 
meta-units was characterized under ambient conditions with a FTIR 
spectrometer (Bruker Vertex 70) equipped with an infrared microscope 
(Hyperion 3000) and operated in transmission mode. The microscope’s 
reflective Cassegrain objective has a numerical aperture (NA) of 0.4 
with 15× magnification and a central inclination angle of 18° with an 
angular spread from 10° to 24°. The IR microscope was also equipped 
with a focal plane array with hyperspectral imaging capability. The 
objective was equipped with custom-made apertures that reduce the 
polar and azimuthal angular spread, as shown in Figure S5, Supporting 
Information. For normalization, hyperspectral images of the CaF2 
substrate were taken. The FTIR spectra presented in Figure 4 result from 
averaging over all pixels in a 20 × 20 µm2 meta-unit subarray region.

Optical Switching Experiments: Optical switching of the phase change 
material GST was realized by a custom-made laser setup.[43,48] The light 
from a red, pulsed laser diode (λ = 660 nm) was focused through a 
10× objective with a numerical aperture of 0.5 onto the sample surface. 
The sample was placed on a Thorlabs NanoMax-TS (Max311/M) stage, 
which is movable in x, y, and z direction and connected to a Thorlabs 
closed-loop piezo controller (BPC303). A custom program allowed 
for the automated positioning of pulsed laser shots on the sample 
surface within 5 nm accuracy. In order to switch the GST to different 
crystallization states, the pulse duration of the laser diode was kept 
constant at 500 ns while the pulse power was varied between 0 and 
35 mW. Each targeted meta-unit was switched by a single light pulse.

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