
1 
 

Supplementary Information 

for 

Electro-active metaobjective from metalenses-on-demand 

Julian Karst1, Yohan Lee1, Moritz Floess1, Monika Ubl1, Sabine Ludwigs2, Mario Hentschel1, and Harald 

Giessen1 

1 4th Physics Institute and Research Center SCoPE, University of Stuttgart, Pfaffenwaldring 57, 70569 

Stuttgart, Germany 

2 IPOC-Functional Polymers, Institute of Polymer Chemistry, & Center for Integrated Quantum Science 

& Technology (IQST), University of Stuttgart, Pfaffenwaldring 55, 70569 Stuttgart, Germany 

 



2 
 

 Approach 
Material 
Examples 

Stimulus 
Required 
Voltage 

Process 

Switching 
Resonance ON-OFF 
(Metal-to-Insulator 

Transition) 

Operation 
in 

Conversion 
Efficiency 

Metasurface 

Switching 
speed / 

frequency 

High pixel density 
possible (<1 µm) + 
individual address.  

Exemplary 
Publications 
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Electro-chemical 
metallic polymer 

(this work) 
PEDOT:PSS Voltage ±1 V 

Metal-to-insulator 
transition 

(electrochemical) 

Yes 
Contrast 100% 

Transm. 1% 33 Hz Yes 
This work, 

1 

Hydrogen-
sensitive metals 

Magnesium 
Gas 

(hydrogen) 
- 

Metal-to-insulator 
transition  

Yes 
Contrast 100% 

Transm. & 
Reflect. 

23% (comb. 
with Au) 

Minutes No 2–7 

(Electro-)thermal 
materials 

GST 
Voltage 

(resistive 
heating) 

5-25 V 
Refractive index 

tuning (structural 
phase transition) 

No  
(resonance tuning) 

Reflect. 8% 
10 kHz 
range 

Not known 
(depends on heat 

dissipation) 

8,9 
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Electro-chemical 
polymers 

PANI, 
PEDOT, 
ProDOT 

Voltage 
±1 V 

(depends on 
polymer) 

Refractive index 
tuning 

(electrochemical 
and Pockels-effect) 

No  
(resonance tuning) 

Transm. & 
Reflect. 

Depends on 
resonant 

metasurface 
1-50 Hz Yes 

PANI: 10–12 
PEDOT: 13,14 
ProDOT: 15 

Electro-
mechanical 

MEMS 
Silicon Voltage 2-80 V 

Mechanical 
movement 

No  
Transm. & 

Reflect. 

Depends on 
resonant 

metasurface 

10-100 kHz 
range 

No 
16,17 

 

Electro-
mechanical 
elastomers 

Polyacrylate  Voltage 3 kV 
Mechanical 
movement 

No  
Transm. & 

Reflect. 

Depends on 
resonant 

metasurface 
30 Hz No 18 

Electro-active 
liquid crystals 

Liquid crystals Voltage 1-50 V 
Refractive index 
tuning (crystal 
reorientation) 

No 
(resonance tuning) 

Transm. & 
Reflect. 

Depends on 
resonant 

metasurface 
100 Hz Yes 19–22 

Electro-active 
ITO 

Indium-Tin-
Oxide 

Voltage ±5 V 
Refractive index 
tuning (charge 
accumulation) 

No  
(resonance tuning) 

Reflect. 
Depends on 

resonant 
metasurface 

1-5 MHz Yes 23,24 

(Electro-)thermal 
materials 

GST, 
VO2, 

PDMS 

Voltage, 
Temperature 

5-12 V 
Refractive index 

tuning (structural 
phase transition) 

No 
(resonance tuning) 

Transm. & 
Reflect. 

Depends on 
resonant 

metasurface 

GST: 10 kHz, 
VO2: 1-5 Hz  
PDMS: 5 Hz 

Not known 
(depends on heat 

dissipation) 

GST: 25,26 
VO2: 27 

PDMS: 28 

 

Table S1. Comparison of different approaches for switchable and active metasurfaces.   
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Figure S1. Dielectric function of PEDOT:PSS (J. Karst et al. Science 374, 612 (2021)). (a) Real part 

ε1 of PEDOT:PSS in the metallic state (red) and insulating state (blue). The crossing where ε = 0 in 

the metallic state is marked and defines the plasma frequency ωp / plasma wavelength λp above 

which PEDOT:PSS has metallic properties. (b) Imaginary part ε2 of PEDOT:PSS again in the metallic 

(red) and insulating state (blue).  
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Figure S2. Simulated plasmonic resonances of metallic polymer nanoantennas. Bottom: 

Simulated transmittance as function of wavelength for different nanoantenna lengths for TM (left) 

and TE polarized light (right). The length is tuned from L = 180 nm to L = 380 nm, the width is 

W = 160 nm, the height is H = 90 nm. Top: Field plots of the z-component of the electric field for 

the nanoantennas with length L = 380 nm. The plots show the near-field distribution for TM (left) 

and TE (right). The simulations are obtained via the frequency solver of CST Microwave Studio. 
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Figure S3. Setup to measure and map the focus of the metalenses and the metaobjective in 

Figures 2-4 of the main manuscript. We use a laser (Stuttgart Instruments Alpha HP) tuned to 

2.65 µm to be resonant with the plasmonic metallic polymer nanoantennas. The laser output is 

linearly polarized. Using a quarter-waveplate (QWP) we obtain right-circularly polarized (RCP, red) 

light. A telescope reduces the beam diameter to illuminate only the metalens/metaobjective 

(diameter 1.5 mm). The metalens/metaobjective is mounted inside an electrochemical cell to 

facilitate electrical switching. The transmitted (focused) light is polarization converted and is left-

circularly polarized (LCP, blue). The transmitted light is collected and imaged to an IR camera 

(Spiricon Pyrocam III) using an objective lens. The remaining fundamental RCP light is filtered using 

a circular analyzer (combination of QWP and polarizer). By moving the entire electrochemical cell 

along the optical axis in z-direction, we can map the focus of the metalens/metaobjective. Please 

note that the metalenses show identical functionality when being illuminated with LCP light 

instead of RCP light. Furthermore, the coherence length of our pulsed laser is on the order of 300-

500 µm. As the distance of our two metalenses (3.5 mm) in the metaobjective is much longer, we 

expect that there is no influence of any interference effect on the scattered signals from each 

metalens. Furthermore, we do not observe interference effects in our optical measurements as 

seen in Figure 4b. 
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Figure S4. Schematic setup to switch the individual metalenses of the metaobjective in Figure 4 

of the main manuscript. Both polymer metalenses are mounted inside an electrochemical cell 

filled with electrolyte. We use ITO covered glass substrates to allow electrical addressability and 

operation in transmittance. Both ITO layers are contacted separately. Using switches, we can 

choose to which metalens the set voltage is applied to. Furthermore, we can also apply the same 

voltage to both polymer metalenses simultaneously to set both metalenses to the either ON- or 

OFF-state. 
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