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1. Metasurface fabrication 

Low temperature-grown GaAs: A 200 nm thick layer of GaAs is grown at 250 °C by 
molecular beam epitaxy (MBE) on a semi-insulating GaAs substrate (wafer VB1091). Prior to 
the low temperature epilayer growth, a GaAs buffer layer is grown at standard conditions. It is 
followed by a 100 nm stop-etch layers of Al0.55Ga0.45As, a 100 nm layer of GaAs, and a 10 nm 
thick stop-etch layer of Al0.55Ga0.45As, all grown at standard conditions. The material is then 
annealed at 600 °C for 40 s in forming gas.  

Electron beam lithography: Metasurface patterns (see Figure 4a in the main text) are 
fabricated using electron beam lithography (EBL) and a hard SiO2 mask. First, two layers of 
photoresist (PMMA495A2/PMMA950A2) are spin-coated on the sample surface and baked at 
180° C for 180s. The dual photoresist layer facilitates the lift-off process. Then, the metasurface 
pattern are exposed with a 30 keV electron beam within 20x20 μm2 areas. The optimal EBL 
dosage for producing replicas of the metasurface pattern with similar dimensions is found to be 
~320 μC/cm2. The exposed photoresist is developed in a solution of MIBK:IPA (1:3) for 60 s 
and rinsed in IPA  for 20 s.  
 

SiO2 mask: A 40 nm thick layer of SiO2 is deposited over the sample using electron beam 
evaporation in vacuum to form a hard SiO2 mask on the GaAs surface. The photoresist is 
removed by soaking the samples in acetone after the deposition.  
 



ICP/RIE etch: We then etch the samples with the SiO2 mask in an inductively coupled plasma 
(ICP) reactive ion etching (RIE) system to the depth of ∼200 nm. Gas flow rates into the ICP 
chamber for BCl3, Cl2, Ar, and N2 are 10, 10, 10, and 3.5 cm3/min, respectively, and the RF 
power applied to the sample chuck is 500 W. The etch process produces vertical sidewalls. 
After the etch, the remaining SiO2 mask is removed in buffered oxide wet etch (BOE) solution 
(60s). 
  
Transfer on sapphire substrate: The etched samples are attached to 0.5 mm thick z-cut 
sapphire substrates with epoxy (EPO-TEK 353ND). The epoxy fills in the etched regions of the 
metasurface. After curing the epoxy, the GaAs substrate is thinned by mechanical lapping and 
polishing to a thickness of 15-20 μm. The remainder of the substrate is then removed using wet 
etching in a 5:1 solution of citric acid and hydrogen peroxide. The etch process slows down at 
the 100 nm AlGaAs layer, which allows us to achieve a uniform sample thickness. Then the 
first AlGaAs layer is removed in a phosphoric acid etch solution (H3PO4:H2O2:DI – 20:4:200), 
and the next 100 nm GaAs layer is removed in the citric acid solution, leaving only a 200 nm 
thick LT GaAs metasurface covered with a 10 nm AlGaAs layer.  
 
 
2. Numerical simulations  
 
All numerical simulations are carried out in commercial software based on the finite-difference 
time domain method [1]. A single unit cell of the metasurface structure is simulated with 
periodic x- and y- boundaries and perfectly matched layer (PML) boundaries in the z-direction. 
A plane wave is used for illumination. For the simulations in Section 2 of the main text, the 
metasurface structure is surrounded by a constant refractive index, no loss dielectric material 
(n = 1.57). For simulations in Section 3 onwards, this material is used for the lower half space 
only (to model the metasurface structure embedded in the epoxy) and air (n = 1) above to reflect 
the geometry of fabricated devices. Constant permittivity values n,κ are used where stated, and 
in order to clearly illustrate modes without dispersive effects. Effects of non-zero numerical 
aperture (NA 0.2) are evaluated by modelling a 15x15 array of the structure with PML 
boundaries on all sides, and an incident beam with a gaussian spatial profile.  

 In all the simulations, absorption as a function of wavelength is calculated as a product of 
electric field intensity and the imaginary permittivity integrated over the unit cell and 
normalized to incident power. This method for calculating absorption is also confirmed by 
calculating absorption using reflectance and transmission data (A(𝜆) = 1- (R(𝜆)+T(𝜆))).  Both 
methods are consistent to < 1%. Due to the discrete nature of numerical simulations, it is not 
practical to find the precise geometrical parameters that give exactly 100% absorption. For the 
structures simulated in this work, an automatically-generated non-uniform mesh is used with 
minimum mesh cell size of 5 nm in all directions, and we therefore only simulate parameter 
sizes as multiples of 5 nm. We can estimate the impact of the discretization of parameters on 
the accuracy of absorption calculations. For example, for the structure in Figure 4a where 
absorption of 98.4% is found, we find the absorption in structures with geometrical parameters 
varied in size by one mesh cell results in an absorption change of 2.1%. Within this work, we 
therefore refer to a structure as perfectly absorbing when we achieve absorption > 98%. 
 
3. Optical measurements  
 
Optical Spectroscopy: To characterize transmission, reflectivity and absorption of the 
metasurface samples, broadband light from a fiber-coupled incandescent lamp is collimated, 
passed through a broadband polarizer and focused on the metasurface using a microscope 
objective (20X, NA=0.16). The transmitted beam is collected by another microscope objective 



with NA=0.3, passed through another polarizer and analyzed by a diffraction grating 
spectrometer. Transmission spectra are calculated by normalizing the transmitted light 
spectrum to the spectrum of the incident light. Reflection spectra are calculated by normalizing 
the spectra reflected from the metasurface to the spectrum reflected from a reference gold 
surface, taking into account that the reflectivity of gold is ~96% within in the spectral range of 
interest (670 – 930 nm). The illumination beam size is ~20 μm in diameter in the metasurface 
plane.   
 
4. Achieving mode degeneracy experimentally  
 
In the main text, Fig. 1(c) illustrates the wavelength shift for the magnetic dipole modes Mx and 
Mz when the metasurface geometrical parameters are varied. With exception of the bar width, 
the geometrical parameters affect both modes at different rates. In Table S1, we quantify these 
rates as a shift in mode wavelength (in nm) for a 10 nm change in parameter value for all 
parameters of the metasurface. For example, the first row shows that the two modes shift by 
14-15 nm when the bar width changes by 10 nm.    

The rate values can be used as guidance for achieving mode degeneracy experimentally. As 
an example, we consider the effect of EBL exposure, which affects three parameters of the 
structure: the bar width and the size of the central block in x- and y-directions. These parameters 
will increase in an over-exposed metasurface structure, leading to a red shift for each of the 
modes. Assuming that each parameter changes by 10 nm, the table allows us to estimate the 
mode shifts quantitatively: we find that for a 24 nm shift for the Mx mode wavelength, the Mz 
mode wavelength shifts by 39 nm. Therefore, an increase in EBL exposure leads to a stronger 
wavelength shift for the Mz mode in comparison to the Mx mode.  

In Fig. S1(a), we illustrate this behavior experimentally. The figure compares transmission 
spectra of samples fabricated with four different exposure levels. For the optimum dosage, the 
modes overlap and appear as a single feature at ~860nm. As the exposure is increases, the two 
modes shift to the right side of the plot and exhibit mode splitting. As the table predicts, one 
mode (Mz) shifts almost twice as fast as the other Mx. In the second example, in Fig. S1(b) we 
show numerically that by increasing the block size in the x-direction we can induce a 
wavelength shift for the Mz mode while keeping the Mx mode approximately at the same 
wavelength.    
 

Table S1. Rates of mode wavelength tuning (in nm) for a 10 nm change in parameter size.*  
 

Parameter Change Mx Mode Shift (nm) Mz Mode Shift (nm) 

Bar Width 14.59 14.72 

Block (x-direction) 1.38 9.45 

Block (y-direction) 7.98 14.68 

Block (z-direction) 15.41 8.40 

Periodicity (y-direction) 10.27  -1.19 

Periodicity (x-direction) -1.10 6.42 

 
* Rates are estimated numerically by tracking the two modes. The material properties n,κ are assumed to be independent 
of wavelength: n = 3.684, κ = 0.01. 



 

 
 
5. Simulated transmission & reflectance  
 
In addition to the simulated transmission for varying bar widths shown in Figure 4d, here we 
show the reflectance spectra for the same structures (Figure S2). The Figure shows that for 
smaller bar thicknesses, there is a reflectance minima at the resonant wavelength. Given both 
transmission and reflectance are near zero at this wavelength, the structure is very close to the 
critical coupling condition and therefore perfect absorption. However, as the bar thickness 
increases and the structure moves away from the critical coupling condition the absorption is 
reduced. This results in an increase in reflectance, and for larger bar widths we see a maximum 
in reflectance at the same wavelength that we see a dip in transmission.    
 

Fig. S1. Simulated transmission (top) and reflectance (bottom) spectra for metasurfaces with varying bar width.  

Fig. S1. Achieving mode degeneracy. a) Experimental transmission spectra for metasurfaces fabricated with four 
different electron beam lithography doses. Each dose increase (by ~10%) leads to a wider bar and larger block size 
simultaneously as shown in SEM images (left). The lines are shifted vertically for clarity. b) Simulated absorption of 
the metasurface for varying block widths in x-direction: the Mz modes shifts with the block width whereas the Mx mode
remains at approximately the same wavelength.  
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