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Abstract. This supplement file presents complementary data that might be relevant
for the reader, reporting comprehensive details about the structure and the fabrication
steps of the studied samples and their optical and electrical characterizations methods
and results.

1. Design and fabrication of transparent MetalMHCG structures

The description of the six MetalMHCG designed structures are summarized in table S1.
These geometrical parameters are used for the RCWA calculation and the reflectivity
mappings in figure 2 of the main document.

2. Fabrication process flow

Two distinct, albeit fairly similar, fabrication processes have been developed to fabri-
cate the B-TE and T-TM MetalMHCG structures. The schematic description of the
B-TE and T-TM configurations process are presented in Figures Sla and S1b respec-
tively. The alignment of the GaAs and metal gratings is ensured by the self-aligned
nature of these two processes. The process for the B-TE configuration begins with the
chemical cleaning and de-oxidation of the GaAs wafer. Subsequently, a 40-by-40 pm?
grating pattern is defined by electron beam lithography (EBL) on the wafer using a
positive (CSAR62) resist. This high-resolution resist is selected for its excellent plasma
etching resistance that is crucial for this process flow as, indeed, a GaAs dry-etching
step precedes the metal deposition and lift-off processes. To ensure proper adhesion
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Table S1: MetalMHCG parameters of the targeted structures in fabrication. The
dimensions are extracted from calculations in Figure 2.

MetalMHCG parameters

Theoretical
transmission
Structure name A (nm) F H(nm) Hygy (nm)  Hp; (nm) (A = 940nm)

B-TE-Au-1 170 0.6 80 50 — 96% (TE)
B-TE-Au-2 210 05 85 50 — 96% (TE)
B-TE-TiAu-1 180 06 85 50 5 92% (TE)
B-TE-TiAu-2 220 0.5 90 50 5 92% (TE)
T-TM-Au 150 0.5 40 50 — 95% (TM)
T-TM-TiAu 100 05 80 50 5 83% (TM)

to the GaAs surface, the use of HMDS promoter is necessary. The use of 9% diluted
solution of CSARG62 results in a suitable resist thickness of approximately 180 nm. After
etching, the resist thickness reduces to around 140 nm, remaining compatible with the
subsequent lift-off process involving the electron beam evaporation of a 50-55 nm-thick
metal with deep sub-micrometric lines width. The semiconductor grating is etched using
inductively coupled plasma reactive ion etching (ICP-RIE) with a Cly /Ny gas mixture,
achieving an etch rate of ~ 4.8nm/s. Following the etching step, Au (50 nm) or TiAu
(5/50nm) is deposited using electron beam evaporation. Chemical oxide removal is
applied before these main steps. The final lift-off step involves an 8-hour immersion
in an 80°C DMSO solvent, followed, if necessary, by an ultrasonic bath and spraying
with acetone. The process flow for the T-TM configurations begins with a similar EBL
pattern-writing step, utilizing PMMA positive resist diluted at 38 g/L in anisole. This
choice aims to achieve good adhesion on GaAs while ensuring improved resolution with
a 110-nm-thick resist layer. This thickness is selected to match the smaller periodicity of
the T-TM structures and facilitate the lift-off feasibility of the subsequent 50-nm-thick
metal layer. Following the EBL step, the same metal deposition and lift-off processes
as those employed for B-TE configurations are applied. Subsequently, the metal pat-
tern, serving as a hard mask for the semiconductor grating, undergoes etching during
the (Cly/Ny-based) ICP-RIE step at a rate of approximately ~ 1.8 nm/s (i.e. mask-to-
material etch selectivity of 0.37).
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Figure S1: Fabrication process-flow of (a) B-TE configuration and (b) T-TM
configuration.

In the B-TE process, the CSAR62 resist mask is effective in achieving relatively
square and smooth etch profiles Figure 3). However, the initial undercut resist profile,
formed during development, is eroded during the ICP-RIE etch, resulting in a humped
profile. This humped profile contributes to undesired metal deposition on the upper
part of the semiconductor-etched sidewall, leading to residual metal spots after lift-off
along the grating lines. Their impact is somewhat mitigated by the accumulated metal
on the resist sidewalls, which limits deposition on the GaAs flanks. This phenomenon
explains why the B-TE structures could be fabricated using this process, resulting in
the presence of metal residues at the top corners of the GaAs teeth after lift-off Figure
3).

Regarding the T-TM process, despite the increased difficulty of lifting off narrower
lines (approximately 50 nm), the hard mask provided by metal stripes is advantageous
as it allows self-alignment of GaAs and metal gratings. However, it comes with the
drawback of rounding the metal stripes’ profile, resulting in sloped etch walls (Figure
4).

Based on the structure designs summarized in table S1, seven structures have been
fabricated using the processes described above. This table presents their measured
dimensions and the associated uncertainties that are explained below.
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Table S2: Summary of MetalMHCG measured parameters of the fabricated structures.
The dimensions are extracted from the SEM images.

MetalMHCG parameters

Structure name A (nm) F H (nm) Ha, (nm)  Hp; (nm)
B-TE-Au-1 170 0.49£0.01 84+5 40+3 —
B-TE-Au-2a 210 0.53 £ 0.01 85+ 5 36+3 —
B-TE-Au-2b 210 0.39 £ 0.01 85+5 36+3 —
B-TE-TiAu-1 180 0.53 £0.01 89+6 33L£5 5+1
B-TE-TiAu-2 220 047+£0.01 1077 35+4 5+1
T-TM-Au 150 0.55 +0.01 29 +2* 56+ 3 —
31+£4> 49+5P
T-TM-TiAu 100 0.57 £ 0.01 88+6 27T+ 4 5+1

2 Clived cross-section.
b FIB-etched cross-section.

The fabricated MetalMHCG have dimension errors higher than 10% in most cases
with respect to the targeted structures. Filling factors far from 0.5 were difficult
to achieve by EBL. The GaAs height errors come from the process repeatability, as
well as the aspect ratio dependent etching (ARDE) effect, which refers to the change
of etch rates for features that have different aspect ratios. The highest differences
between the targeted and fabricated dimensions is on the metal height. For the B-TE
configuration fabrication, the deposition depends on the aspect ratio of the structure,
and the deposition rate as a function of aspect ratio should be measured to reduce
the error. In the T-TM configuration, the metal stripes act as a mask in the GaAs
etching process. Since gold is slightly etched during plasma exposure, the deposited
metal thickness must be adjusted to compensate this height reduction.

Fabrication for electrical sheet resistance characterization

Sets of 1, 2, 5, and 10 48-nm-thick gold nanowires were deposited on a GaAs NID
substrate using EBL patterning and e-beam evaporation. The fabricated nanowires
have lengths of 20 and 40 ym, a width of 60 nm, and a periodicity of 150 nm in sets of
multiple nanowires. The extremities of each set were connected to TiAu contact pads
for the two-probe measurement, as illustrated in Figure S2. Gold height was measured
with atomic force microscopy, while W and L were measured using SEM, as shown in

Figure S3.
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Figure S2: Schematic of the two-probes measurement principle of the resistance of a

nanowire set.

3. Optical characterizations

3.1. Optical measurement setup

This setup is equipped with a Polarization Maintaining (PM) fibered tunable laser source
(Broadsweeper BS-930-1-OEM), collimated with a variable zoom fiber collimator and
a x2 beam expander (ZC618 and GBE02 from Thorlabs). The resulting beam is then
focused on the sample using a 25 mm focal-length-lens, resulting in a Fourier-limited
adjustable beam spot size. In the current experiments, the beam size was adjusted to
~ 10pm, which is compatible with 40 x 40pm? fabricated pattern size. A half-wave
plate allows polarization adjustment, and the transmitted light is collected through
a %20 microscope objective equipped with an imaging lens and a camera, allowing
precise alignment of the beam on the patterns. The reflected and transmitted signals are
collected during these measurements with beam splitters and photodiodes. From these
collected data, the transmission and reflection of the air/MetalMHCG/GaAs interface
were extracted.

To mitigate Fabry-Pérot oscillations due to substrate thickness, a single-layer anti-
reflective coating was applied on the substrate backside, although this was not perfectly
optimized for the spectral range under study. Post-processing involved Fourier filtering



Figure S3: (a) Nanowire AFM height measurement, (b) SEM top-view image used for

nanowire width measurement, and (¢) SEM top-view image used for the measurement
of the length between the contact pads.

to remove remaining tiny oscillations by keeping only the first 5% of the lowest harmonics
of the signal in the Fourier space.

Optical properties of fabricated MetalMHCG structures

The transmission and reflection coefficients measured at normal incidence in the 900-
985 nm spectral range are presented in Figures S4 and S5, and main results for each
fabricated structures are summarized in Table S3.
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Figure S4: Spectroscopy measurements of fabricated B-TE configurations at normal
incidence between 900 and 985 nm.
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Figure S5: Spectroscopy measurements of fabricated T-TM configurations at normal

incidence between 900 and 985 nm.
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Table S3: Summary of transmission (T), reflection (R), and Losses = 1 — R — T from
measurements in Figures S4 and S5.

T (940nm) R (940nm) Losses (940 nm)?

Structure name

TE ™ TE T™ TE TM

B-TE-Au-1 0.82 046 0.06 0.51 0.12 0.03
B-TE-Au-2a 0.84 0.28 0.09 0.61 0.07 0.11
B-TE-Au-2b 0.83 025 0.03 0.70 0.14 0.05
B-TE-TiAu-1 0.83 038 0.05 043 0.12 0.19
B-TE-TiAu-2 0.76 0.25 0.06 0.39 0.18 0.36
T-TM-Au 0.13 0.82 083 0.16 0.04 0.02
T-TM-TiAu 029 0.81 062 0.16 0.09 0.03

& Absorption and light scattering.

4. Optical simulations based on measured dimensions and profiles

Post-fabrication numerical simulations of the optical properties of the MetalMHCG
structures, incorporating uncertainties in dimensions based on the grating’s geometrical
parameters and the measured profile from SEM images, have been performed.

The numerical simulations are based on the Plane Wave Admittance Method
(PWAM) as proposed in [1], which offers a solution to fully vectorial Maxwell’s equations
and has been demonstrated to be in a good agreement with experimental findings |2, 3].
In our analyses, we consider the grating to be infinite along the z-direction and enforce
periodic boundary conditions at the boundaries of a single grating stripe. To ensure
an accurate representation of the experimental geometry, we employ 60 plane waves to
minimize numerical errors. Both of the polarizations are investigated in our study: in
the transverse electric field (TE) configuration, the electric field aligns parallel to the
stripes, whereas in the transverse magnetic configuration (TM), it is perpendicular to
them (See Fig. S6).

Utilizing numerical software, we were able to accurately map the real shape of
the grating for each configuration based on SEM image. We outlined the shape of the
grating, and then, employing the least square method, we transferred the design into
a form of rectangles, as illustrated in Fig. S7. This approach facilitated more detailed
simulations and enabled us to align more closely with experimental results. In the case
of the experimental shape, we took into account parameters such as the height of the
grating slab and gold, as well as the width of the slab.
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Figure S6: Geometrical designs with construction parameters taken into account in the
simulations for two polarizations (T-TM - left panel, B-TE - right panel). H and Ha,
are the height of the grating slab and metal respectively, a is the width of a single slab,
A period of a grating. Additionally fill factor F' is considered and defined as F' = a/A.
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(b)

Figure S7: (a) SEM image of a real structure for T-TM configuration. (b) Geometrical
representation of T-TM configuration used in simulations.
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Bottom configuration GaAs/Au F=0.53

1.0
0.8
TE calculated T
o TE calculated R
=060 TM caleulated T
2 = TM calculated R
]
e ~—— TE measured T
g % 04 | = TE measured R
EE —— TM measured T |
TM measured R
0.2
|
| |

0.0
900 910 920 930 940 950 960 970 980

wavelength (nm)

Figure S8: Optical transmission and reflectivity in both polarizations of the B-TE-Au-
2a sample (F=0.53): solid lines represent the measured curves, while corresponding
post-fabrication simulations are depicted as bands, representing the uncertainties in the
geometric parameters measured.
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Top configuration GaAs/Au F=0.55
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Figure S9: Optical transmission and reflectivity in both polarizations of the T-TM-
Au sample (F=0.55): solid lines represent the measured curves, while corresponding
post-fabrication simulations are depicted as bands, representing the uncertainties in the
geometric parameters measured.

5. Impact of corrugated grating sidewalls

The real-world corrugation of the sidewalls of MetalMHCG structures is modeled
based on the approach demonstrated in [4], which closely aligns with three-dimensional
reflectance calculations of MHCGs, as analyzed in [5]. In our model, each stripe width
is scaled by a factor ranging from 0 to 1, sampled from a normal distribution. For
a given standard deviation, five values are drawn from this distribution to construct
an MetalMHCG with periodic boundary conditions, where each set of 5 stripes features
unique width variations. The optical power transmittance spectrum at normal incidence
is then calculated for each grating. This sampling process, generating a random set of
stripe widths, is repeated 100 times to produce 100 unique gratings. For each of these
100 MetalMHCG structures, the arithmetic mean of the optical power transmittance
spectrum is computed. This averaged spectrum represents the final simulated result
shown in Fig. S10, which is displayed for standard deviations ranging from 0.02 to 0.1.
Based on SEM images of processed MetalMHCG structures, the standard deviation of
sidewall corrugation is estimated at 0.046.

6. Optical power transmittance vs sheet resistance
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Figure S10: Optical power transmittance spectra for B-TE-Au-1 defined in main text
for different level of grating aperiodicity determined by standard deviation in normal

distribution.
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Figure S11: Calculated optical power transmittance at 940 nm through GaAs interface
covered woth different TCEs as the function of sheet resistance of AZO, FTO, ITO
and graphene. Their optical and electrical properties were assumed based on references
presented in Table S1. Black dots represent Metal MHCGs measured for polarised light.



16

Table S4: Refractive indices of TCE.

n@940nm k @ 940nm Reference

ITO 1.3316 0.054116 [6] (Numerical data kindly provided by Manuela Schiek)
FTO 2.05 0.0378 [7]
AZO 1.6183 0.014 18]
Graphene  3.02 1.8969 [9]

Table S5: Refractive indices of TCE.

Material ~ Resistivity (Q.cm) Reference

ITO 2.20 x 10~ [10]
FTO 2.31 x 10~ 1]
AZO 7.60 x 10~ 12]
Graphene 1.05 x 107° [13]
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