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Supplementary Information

Simulation comparison of metamaterial without deep-subwavelength nano-notches. To
understand the role of the nano-notches in taipbioth the permittivity and permeability, the
optimized metamaterial structure defined in Figta was re-simulated without the
subwavelength notchesq,, g = 0 nm). The scattering parameter amplitudes dfettare
medium parameters of the notch-free structure gdoit Figure Sla-d (bottom half of each
plot) lend insight into the differences in deviarfprmance as well as the underlying physics.
As can be seen in the permeability profiles (Fig8Bde), the main magnetic resonance at
3.7 um is broadened and almost saturated with thehas removed, exhibiting significant
loss that is unfavorable in any transmissive apgibm. The second magnetic resonance is
shifted from 2.85 um to 2.6 um with a small qualictor increase. This shift can be
attributed to the parallel momentum change in thg=(1,0) gap-SPP mode that arises when
the notches are removed. This also gives rise hgglaer cut-off frequency of the air hole
waveguide array, thus producing a shorter effeghlasma wavelength and sharper slope in
the effective permittivity profile. The imbalancgermittivity and permeability result in a
refractive index with an evanescent mode in the elength range of interest, as the

imaginary part of the index becomes dominant. Aeothdverse consequence of this
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imbalance is a poor impedance match, leading te-unity reflection. Henc, the structure

behaves more like a mirranthin the targetejpass-band range.

a Scattering Parameter Amplitudes (dB) b Effective Index of Refraction (n_,) and Group Delay
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Figure S1. Simulation comparison for metamaterial with andheiit subwavelengtinano-
notches. Scattering parameters and effective pliepdor the metamaterial structure defir
in Figure 2a (top) and of the same structure witle thotches removed (bottor
(a) Transmission and reflecticamplitudesshowing poor stop band performance at the sh
wavelength range. (b)Effective index and group delay(c) Effective permittivity.
(d) Effective permeability.

Comparison with metamaterial filter optimized using unmodified fishnet structure.

To further demonstrate the importance of deep-subwavelength namotches in tailoring
the dispersive profiles of the effective medium goaeters, we optimed a conventional
fishnet structure without the notchdor this optimization,he constitutive materials and t
cost function wer&kept the samas for the notched example presented in the mainin

order to makea fair comparisc with the modified fishnet desigrirhe unit cell of the
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optimized structure and its mensions are depicted in Figure S2zmd the scattering
parameter amplitudes are shown inure Sb along with those of thoriginal structure
introduced in Figure 2dn the optimized fishnet without notche pas-band can still be
identified from 2.8umto 3.7 um. However, within the pass-batite transmission intensi
varies between 91.2%04 dE) and 47.9% (-3.2 dB), which sgnificantly lowe than the
average transmitted powef 82% (-0.9 dB) with a variation of onl% (0.4 dB) achieved
when adding the notchebk addition, the orof-band rejection is pooas the transmission
remains above 10% 1© dE) and reaches 21.4% (-6.7 dB) in bdtie short and long
wavelength stofrand regiorn. The group delay of the optimizedodifiec fishnet with the
notches and the conventional fishnet without thiclmes are showtogetherin Fig. S2(c).
The group delay of theonventione fishnet has a peak in the pdsmd (2.8 ~ 3. um) with a
variation of 35 fs, which is abothree times larger thahat of the optmizemodified fishnet.
This comparison demonstrates the necessity of hgathe fishnet structure withdeep-
subwavelength nanometches tcenable fine control ahe effective medium parameters, wh
in turn facilitates the realization the highperformance metamaterial fil.
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Figure S2. Optimized metamaterial design without notches aochgarison of scatterin
parameters. (alConventional fishnet geometry optimized by a GA have dimension
p=2390 nmw=896 nm,t=30 nm ancd=497 nm. (b)Transmission and reflection amplituc
of the optimized metamaterial filters with (top)dawithout the subwavelength nenotches
(bottom) showing that the notches are critical twalding control of the primary ar
secondary magnetic resomas in the metamaterial respc. (c) The group delay of tr
optimized nanostructure with (red) and without @)lthe subwavelength ne-notches.



Metamaterial filter ssmulation using dimensions measured from the fabricated sample.
Additional numericalsimulatiors were conducted for the modifiathnc-notched fishnet
structure using thalimensions measurefrom the fabricated sampleSpecifically, the
fabricated structure has sidewall angle of &, and a nanmotch sidewall lengthof
g=195nm and 175 nran the topand bottom surfaces, respectivelyyjgure S3a and S3b
comparehe measured transmission and reflection ampli with the simulated values usii
the ideal designed structure dimensions ure S3a) and the actual fabricated struct
dimensions (Figure S3b)h€results for the simulation using tfebricate( dimensions show
a stronger agreemewith measureme in boththe resonance positions and the bandwidt
the pass-bandlhis confirms that the slight discrepancies in $imaulated properties cthe
ideal optimized structure arthe measured properties of the fabricated structurdaagely
due to thesmall differences in feature sizefFigure S3c comparethe group dele of the
metamaterial filter with theriginal design dimensions and the fabricated sample diroes:
Simulations of the fabricated structure sl a slight band broadeninig the group delg
similar tothat observed in tl transmission and reflection afitpdes. In the pa-band, the
group delay profile remains relatively 1 and has a variation of 15.fsThis group dele

variation is only 3 fs largehan that of the ideal designed nanostruc
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Figure S3. Additional scattering parametamplitudes and group delay compari of the
modified fishnet nanostructl.. (a) Simulated and measured transmission and refle
magnitudes (alsshown in Fig. 3a (b) Resimulatedransmission and reflection magnituc
using the dimensionsneasuredfrom the fabricated sampleThe comparison betwer
experiment and theory shows a stronger agree. (c) Comparison of theimulated group
delay of the optimized modified fishnet structuréhwthe resimulatedgroup delay using
measured dimensions from trabricated sample.



Extending the approach to broadband designs in the near-infrared. To show that this
design approach can also be applied at shorterlaraytds in the near-infrared (near-IR), a
metamaterial filter was optimized for the waveldngange around 1.5pm following the
same procedure. As shown in Figure S4a, the same-maiched fishnet geometry was
employed, and the metal was switched from gold (#@uilver (Ag), which has smaller loss
in the near-IR. All of the nanostructure dimensiomere reduced relative to the mid-IR
design shown in Figure 2a: unit cell sipes 924 nm; thicknessl = 228 nm; nano-notch size,
g =62 nm. Specificallyg is ~1/3 the size of the original mid-IR designdans ~1/2 that of
the original design. The smallest 62 nm feature s& easily patterned using the same
lithographic process. In addition, the optimizécheshould produce a sidewall angle of,89
which would result in a bottom sidewall length df sm and an averaged notch size of 58 nm,
a variation of less than 6.5%. Based on the miégxBmple presented in the main text, which
exhibits a variation in the average nano-notch siz&.5%, it is expected that a fabricated
near-IR metamaterial filter would maintain its higérformance.

Figure S4b shows the optical properties of thisr#iRamodified fishnet nanostructure
simulated using the HFSS full-wave solver. Withie tL dB pass-band ranging from 1,40
to 1.65um, the average transmitted power at normal incideac/7% (-1.2 dB), while the
average reflected and absorbed intensities are 138628%, respectively. The maximum
variation in transmitted power is less than 119 @B) across the full pass-band window.
Even at this short wavelength range, a broad atdriinsmission band can be achieved with
a high transmission. Outside the pass-band, thedame mismatch to free-space results in a
high reflectivity, which reduces the average tramt®u power to less than 10% (-10 dB).
Here, the average reflected power is 68%, whileatrerage absorbed power is 22%. Similar
to the mid-IR design, within the band from 1.40 &5 um, the group delay fluctuates
between 10 fs to 20 fs, indicating a small variated only 10 fs. This near-IR design has

slightly lower average in-band transmission comgai@ the optimized mid-IR structure.
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However, thistransmission is still high in comparison previously demonstrated optic
metamaterials and plasmonic nanostruc?3¢44°464748 This confirms that deep-
subwavelength inclusions can be used to tailordispersive properties of metamateriat
much shorter wavelengthsyhile also maintaining high opticgberformance.Due to the
saturation of the magnetic resonancemetallodielectric structureis the visible rang, we
anticipate that nanoscaldielectric inclusions based on Mie scattericould provide
controllable electric and magnetic resonant respomath low loss
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Figure $S4. Broadband opticahetamaterial band pass filter design forrka-IR wavelength
range. (a)The geometry and dimensions of a single unit céllthe modified fishnet
nanostructureThe optimized geometrdimensions arg@=924 nm,w=49: nm, g=62 nm,
t=34 nm andd=228 nm.(b) (top) Simulated transmission and reflection magnitudes
normally incident radiation showing broadband traission over the highlighted region frc
1.40 pm to 1.65pm. (bottorr) Simulated group delay shows minimal variation over tt
transmission window.



