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Metamaterials operating in the terahertz frequency range show promising potential for use in highly sensitive microbial sensors
that are capable of effectively detecting microorganisms in the ambient environment. We were able to detect extremely small
numbers of microorganisms by measuring the differential transmission spectra (DTS) of the metamaterial resonances. This was
possible because their sizes are on the same scale as the microgaps of the terahertz metamaterials. DTS depend critically on the
number of microorganisms placed in the gap area, and their dielectric constant. In addition, these metamaterial microbial sensors
are reusable, because the microorganisms can be completely removed by fungicide solution. Finite-difference time-domain simulations
successfully reproduce our experimental data.
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Fig. 1. (a) Schematic illustration of THz-TDS system. (PD: photodiode,
PBS: polarized beam splitter) (b) SEM image of metamaterials coated
by microorganisms.
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Fig. 2. DTS for Si substrate with (red solid line) and without
(black solid line) the deposition of (a) penicillium, (b) yeast, (c) E.coli.
DTS of metamaterial sensors measured before (black solid line)
and after (red solid line) the deposition of (d) penicillium, (e)
yeast, (f) E.coli.
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Fig. 3. (a) Fungicide treatment processes (b) DTS of a metamaterial
sensor before (red solid line) and after (blue solid line) the fungicide
treatment.
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Fig. 4. DTS of a metamaterial sensor with the deposition of penicillia
for various number densities.
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Fig. 5. (a) 3D plot of the electric field strength, when the series
of five dielectric spheres (with ¢ = 8) are placed in the gap of
the metamaterials. DTS for the dielectric constant of spheres is
at (b) e = 2 and (c) ¢ = 8, for various number densities.
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