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Abstract
Fano resonances in metasurfaces are important due to their low loss subradiant behaviour that
allows excitation of high quality (Q) factor resonances extending from the microwave to the
optical regime. High Q factor Fano resonances have recently enabled applications in the areas
of sensing, modulation, filtering and efficient cavities for lasing spasers. High conductivity
metals are the most commonly used materials for fabricating the metasurfaces, especially at
the low frequency terahertz region where the dc, Drude, and perfect electric conductivity
provided similar resonant behavior of the meta-atoms. Here, we experimentally and

theoretically demontrate that the Q factor of a low asymmetry Fano resonance is extremely
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sensitive to the conducting properties of the metal at terahertz frequencies. To our surprise,
we observe significantly different Q factor and figure of merit of the Fano resonance for
perfect electric conductors, Drude metal and a dc conducting metal. Identification of such a
low asymmetry regime in Fano metasurface resonators is the key to engineer the radiative and
non-radiative losses in plasmonic and metamaterial based active and passive devices that have

potential applications in the terahertz, infrared and the optical range frequencies.
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Introduction:

Metamaterials are specially designed new class of artificially structured materials. Unlike
natural materials, the optical behaviour of the metamaterials depends on their size, shape and
structural arrangement of designer unit cell known as meta-atom and its resonant/non resonant
response is due to their interaction in the lattice array instead of its chemical constituents.!™’
Coupling of electromagnetic (EM) radiation in such periodic arrays can have enormous
impact on light matter interactions.' These couplings result in high concentration of electric
field and/or magnetic field in the planar metamaterials and can also be engineered to support
sharp resonances with higher quality (Q) factors and intense field confinement within a small

[7-191 and non-linear

volume. High Q devices are mainly desirable for sensor applications
processes.[“’ 2'Most of the metamaterials are made up of metallic resonators that can support
well defined resonances due to high conductivity. However, significantly high losses in

metals have limited the possibility of efficient devices in optical, infrared and terahertz

frequency ranges.

There are mainly two kinds of losses in the metamaterials that affect the linewidth of
resonances namely, Ohmic (non-radiative) losses due to resistance of metals and radiative
losses due to the subwavelength nature of the meta-atoms. Thus, the response of metamaterial
is highly dependent on the losses present in constituent materials. Metals at terahertz
frequencies are treated as near perfect electric conductors (PEC). However, we show in this
contribution that the assumption of PEC becomes highly inaccurate for the case of high QO
asymmetric Fano resonant metamaterial structures, where we found that the resonance
behavior is extremely sensitive to the conducting properties of the resonators. High
conductivity at terahertz frequencies enables low non-radiative losses but the Q factors are

still limited by the radiative losses.'*!!



WILEY-VCH

There are three different hypothesis for the dispersion behaviour in metals, which are widely
used in metamaterials especially in terahertz frequency band: PEC, Drude model for
conductivity and dc conductivity of metal. As per the first hypothesis, metals as constituent
material of metamaterials behave as PEC at terahertz frequencies due to their extremely high
conductivity."'® While according to the second assumption, the dispersion in metals is
considered to follow the Drude theory of metals, which describes the frequency dependent
dielectric constant and conductivity.!'”! However, skin-depth scale metallic films at terahertz
frequency behave differently from bulk metals because of additional electron scattering
mechanism from grain boundaries and defects. In the third hypothesis, the dc conductivity of
metals at terahertz frequency has also been used to explain the behaviour of metamaterial
subwavelength resonators."” Conductivity of the metal according to Drude theory is given

by , which reduces to in the lower frequency limits i.e. ®/r <<1. In most

of the previous terahertz metamaterial works, it is typical to either use the assumption of PEC

or the dc conductivity of metallic subwavelength resonators. Both of these assumptions give
similar results that agree reasonably well with the measurements.'*! However, in this

(18241 metamaterials

contribution we discovered that the terahertz asymmetric Fano resonator
show significantly different behaviour in terms of the resonance linewidths and the amplitude
for all the three different types of material conductivity. The effect is more prominent in the
sharp resonance regime that occurs at lower structural asymmetry in the Fano resonator where
the radiative loss is low. For larger degree of asymmetry, the Fano resonance broadens due to
higher radiative loss and in this regime, the response of the terahertz asymmetric split-ring
resonators (TASRs) for the three different conductivity models is similar. Our measurements
reveal that the experimental Fano resonance is in good agreement with the dc conductivity

model. Fano resonance is excited due to the interference between a broad continuum and a

discrete mode that gives rise to a high-Q asymmetric line shape resonance.””?* One of the
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remarkable properties of the Fano resonance is the strong confinement of the subradiant
electromagnetic energy in the asymmetric resonator which gradually becomes radiative as the
structural asymmetry of the resonator increases. Larger asymmetry lowers the Q factor of the
Fano resonance. However, when the radiative loss is minute for the low asymmetry structure,
it becomes comparable to the non-radiative losses (Ohmic loss) which eventually leads to
significantly different behaviour of the Fano resonance for PEC, Drude metal, and the dc
conductivity of metals.

Discussion:

In this work, we study the strong influence of metallic conductivity on the Fano resonances in
planar metasurfaces with different structural asymmetry resonators at the terahertz
frequencies. For each metamaterial design, we carried out numerical simulations with metals
governed by different conductivity models i.e. PEC (PEC-TASR), dc conductivity (DC-
TASR) and Drude conductivity (Drude-TASR) using the frequency domain solver of
commercially available CST microwave studio. Figure 1 shows the schematic diagram and a
microscopic image of an array of asymmetric Fano metasurface. The electromagnetic field
impinges at normal incidence on the TASR metamaterial array consisting of aluminium (Al)
metal arms of thickness 200 nm deposited on 500 pum thick silicon substrate. For the
experiment we choose aluminum metal, because for its high terahertz conductivity and the
stability of the samples. Asymmetry is introduced in a perfectly symmetric two split gap
(situated at the center of the top and bottom arm) resonator by displacing the lower arm split

gap by distance ’d’ from the vertical symmetry axis as shown in the Figure 1(a). The distance
d has been varied from 0.3 um to 10 pm. We also define an asymmetry parameter —

, where /; and /[, are the lengths of the two metallic wires that form the TASR. The Fano

resonance is excited by the incoming light field (Ey) polarized perpendicular to the TASR gap.

[26]

Such a resonance excitation is known as trapped mode resonance ™ as its excitation is
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forbidden by the symmetry of the metamaterial unit cell structure. Structural symmetry

breaking leads to the appearance of extremely sharp narrow linewidth asymmetric lineshape
Fano resonance. For the numerical simulations of Fano resonances in DC-TASR, the dc
conductivity of aluminium is taken as 3.56 X 10’ S/m.”* Frequency dependent conductivity of
aluminium in Drude-TASR is calculated by applying the Drude model, in which the plasma

frequency w,/2m = 3606 THz and the collision frequency /727t = 19.6 THz, respectively.[zg]

Figure 2(a)-(f) shows the simulated transmission spectra of the PEC-TASR with asymmetry
d=0.3,0.5,1, 3,5 and 10 um, respectively. We also carried out simulations for the lower
asymmetries below 0.3 um. However, for the lower asymmetries below 0.3 pum, the resonant
transmission amplitude is very low (< 0.01) and we were unable to resolve the Fano
resonance. Thus we restrict our discussion in this paper to the minimum asymmetry of 0.3 pm.
These transmission curves are recorded when the E field is perpendicular to the TASR gap of
the structure. Since meta-atoms of these TASR arrays are made up of PEC, the loss
mechanism in these structures is only radiative in nature. The highest Q factor of the Fano
resonance in PEC-TASR is 328 for the structure with d = 0.3 um asymmetry. Here, it is
important to note that the Q factor of the Fano resonance gradually decreases as the

asymmetry is increased, which has also been reported in previous works.””'*! We observed

that the linewidth of the resonance broadens, whereas the transmission amplitude at the

resonance dip gradually decreases with increasing asymmetry d. Q factors were calculated by

fitting the transmitted intensity spectrum using Fano formula given by

9, 12,25 )
! I Where a 1, a2 and b are constant real number, ®,is the Fano resonance

frequency, and y is the overall damping rate of the resonance. The Q factor was then
estimated as Q = ®, /2y .We further discuss the comparison between the Fano resonance

profiles for the three different conductivity models. Figure 3(a)-(¢) shows the Fano resonance
6
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behaviour of the PEC-TASR, Drude-TASR and DC-TASR, respectively at low asymmetry of

d = 1 pym. PEC-TASR shows extremely sharp resonance with significant amplitude of
transmission peak. However, no resonance was observed in the case of Drude-TASR and DC-
TASRs. The Q factor for PEC-TASR at d = 1 pum is about 280. The absence of Fano
resonance for the case of Drude and dc conductivities could be understood in terms of
conductivity behavior, where the excitation of the resonance mode itself requires a critical
minimum conductivity at a specific asymmetry. Lower asymmetry structure requires a higher
conductivity value in order to give rise to the Fano interference phenomena. At lower
structural asymmetries, the radiative and non-radiative losses are comparable and hence even
a small difference in the conductivity results in a large change in the surface currents of the
two unequal arms of the TASR’s, which results in different Q factors and amplitude depth of
the Fano resonance in different cases of conductivity models at varying asymmetries.
Similarly, figure 3(e)-(g) shows the Fano resonance behaviour of the PEC-TASR, Drude-
TASR and DC-TASR for d = 3 pum. Here, it is important to note that the change in
transmission amplitude at resonance is largest for PEC-TASR and the lowest for DC-TASR.
The Q factors (Q = 46) are equal for dc and Drude conductivities, whereas for PEC case, it is
more than five times (Q = 245) greater than other two cases. Fig. 3(1)-(j) displays the
transmission spectra for the structures with asymmetry d = 5 um, where the Q factor for the
PEC case is Q = 131, for Drude case Q = 29, and for DC case Q = 26. We note that the Q

factor values for the DC and Drude cases are nearly the same.

Based on the simulated design, we carried out the experimental measurements with identical
structures that were fabricated using conventional photolithography on 0.5 mm thick double
side polished high resistivity (4 kQ-cm) n type silicon wafers. 200 nm thick aluminium was
deposited using thermal evaporation technique. A 10 mm thick silicon substrate with the same

properties was attached at the back side of the sample to enable long scan upto 200 ps by
7
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eliminating the Fabry-Perot reflections from the rear face of the substrate. The transmission
amplitude is obtained by estimating |t((o)| = ‘ES ]E, (co)‘ ,where E (®) and E,(®) are

Fourier transform of transmitted electric field of the sample and reference pulses, respectively.
Figure 3(d), (h) and (1) represent experimental transmission spectra, which have a good
agreement with the DC-TASR spectra. Experimental Fano resonance appears at higher
frequency in comparison to the simulated spectra, which may be due to small difference

between the simulated and the fabricated structures.

Coupling mechanisms between the resonators can be modeled using the equivalent circuit

[32-33]

modelling,”*>" Langrangian formalism, coupled mode theory"* or by using the coupled

oscillator model.?>?® In this work, we theoretically model the observed Fano resonance using

the coupled oscillator model, where the 'bright mode' that couples to the incident
electromagnetic field interferes with the 'dark mode' that is decoupled from the incident

radiation. The two-oscillator model is governed by the following coupled equations,

where, x;, and x, represents the displacement amplitude for bright and dark mode respectively.
Q and M are the charge and mass associated to the bright mode and E, is the electric
amplitude of the incoming EM wave. Solving for x;, and x,, we can arrive at the susceptibility

expression given by,

The real and imaginary part of the susceptibility respectively defines the dispersion and
dissipation of the system. The parameters wp 4 and yy4 are the resonance frequencies and the

linewidths of the bright and dark modes, respectively. K is the proportionality factor that
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depends on the Q and M. Q2 is the coupling constant that depends on the asymmetry parameter
(o) and the separation between the individual modes. For the values of K = 3.6 x 1024, Wg =
or, and op, = 3.8 x 10" rad/sec, the Fano curves obtained for PEC-TASR (Q = 0.45 x 10"
rad/sec, yq = 1x 108 rad/sec), DC-TASR (Q = 0.57 x 102 rad/sec, Ya = 3% 10" rad/sec) and
Drude-TASR (©2 = 0.52 x 10" rad/sec, Ya= 8 x 10° rad/sec) are shown in inset of Figure 4(a)
for asymmetry d = 3 um, which shows a good agreement with the numerically simulated

results. We observe that the damping parameters (ypq4) inversly depend on the conductivity

and does not change with the asymmetry parameter (o). Whereas, the coupling constant (€2)
depends inversely on the conductivity value and directly on the asymmetry parameter (o).
From the analytical curves (inset Figure 4(a)), we see that Q factor and the amplitude of the
Fano-resonance shows a direct dependence on the conductivity. For instance, PEC-TASR that
has higher conductivity value shows higher Q factor and larger amplitude compared with the

DC-TASR for the same asymmetry parameter (o).

We further highlight the difference between the PEC behaviour and the Drude-DC behaviours
in the low and high structural asymmetry regimes in terms of the Fano resonance linewidth
and the depth of the resonant transmission. In Figure 4(a) and (b), we show simulated
transmission spectra at asymmetry of d = 3 pym and d = 10 um, respectively for the PEC-
TASR, DC-TASR and Drude-TASR. Change in transmission amplitude at the Fano resonance
is the highest for PEC and lowest for DC conductivities. Q factors for the DC-TASR and
Drude-TASR are the same (Q = 46), whereas it is more than 5 times larger (Q = 245) for PEC
at d = 3 um asymmetry case. At higher asymmetry of d = 10 um, the difference between the
linewidth of the resonance as well the amplitude depth is not as drastic as for low asymmetry
case as shown in Figure 4(b). The respective Q factors for the PEC, Drude and DC-TASRs

drop down to Q = 29, 10 and 8, respectively. This shows the contrasting behaviour of Fano
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resonances in the low and high asymmetry regimes. To further confrim the large difference
between PEC and the Drude-DC behaviour, we simulated the electric field in the capacitive
gaps at the Fano resonance for all the three different conductivities at d = 3 pm as shown in
Figure 4(c),(d) and (e). The strongest electric field concentration in the capacitive gaps of the
TASRs is observed for the case of PEC, followed by the Drude and the DC-TASRs. The
fields in Drude and DC TASRs are much weaker compared to the PEC-TASRs. Tight field
confinement in Fano resonators is extremely important for its multifunctional applications

such as ultrasensitive sensors and efficient cavities.

The results presented in Figures 3 and 4 show that the behavior of PEC-TASR's even in the
terahertz range is very different from DC and Drude-TASR's, especially at the lower
asymmetry. We also investigated the behavior of Fano resonances for different conductivity
models at varying asymmetry as shown in Figure 5 that depicts the response of the TASR's in
terms of Q factor and the figure of merit (FoM). Figure 5(a) shows the comparison between
the Q factors of PEC, DC, Drude, and experimental TASR's for Al metal. We observe that for
the PEC-TASR, the Q factors are extremely high at low asymmetry, whereas the difference
reduces drastically with increasing asymmetry in the structure and shows saturation effect at
about d = 7 um. The Q factor values of the DC-TASR and Drude-TASR are comparable and
show good agreement with those of the experimental results. Slightly higher Q factors are
observed in the measurements at lower asymmetry regime, because the Fano resonance is not
very accurately measured due to the limited measurement resolution which could result in a
different linewidth of the asymmetric Fano peak at lower asymmetries. Figure 5(b) represents
the FoM, which is defined as the product of Q factor and transmission intensity (Al) of the
resonance peak. At low and moderate asymmetries (between 1 um to 7 um) FoM of the PEC-
TASR is one order of magnitude higher than the other two cases. FoM values for PEC, DC,

and Drude-TASR peaks at structural asymmetry of d = 4 um, 6 um and 4 pm, respectively.
10
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The peak FoM values for PEC, DC, and Drude-TASR's are 169.43, 5.80 and 9.10,

respectively. Experimental values of FoM for the TASR's are in close agreement with the DC-
TASR case. Overall, we observe that at lower asymmetries below 6 um, conductivity plays a
crucial role in determining the Fano resonance linewidth and the transmission amplitude due
to low radiative and non-radiative losses. High conductivity materials such as
superconductors could excite sharper Fano resonances in comparison to metals at lower
asymmetries. However, at higher asymmetries, superconductors and metals would have

similar response due to the higher radiative losses.

From the above discussion, it is clear that dc conductivity Al metal and Drude conductivity of
metal behaviour is quite similar at higher asymmetries but differs at lower asymmetries of the

structure. According to the Drude model for metals, frequency dependent permittivity is given

by — where s the contribution due to the bound carriers. This permittivity in

. In thin

terms of plasma frequency ®, and damping rate I" is given by

metallic films, where the possible grain boundaries and the crystal defects could contribute to

the additional scattering,”” we can assume that o/r << 1 for lower terahertz frequencies. Thus

for a conducting metals ( ), permittivity is given by — —— The plasma

frequency wp is given by — and dc conductivity is given by o4 = Neu. Here e is the

charge of the electron, m is the effective mass of electron, N is the density of the carriers and
u is the mobility.m] Here, it is important to note that the conductivity is frequency
independent in the terahertz frequency range under the above approximation but permittivity
is still a function of frequency. Real part of permittivity is independent of the frequency,

whereas the imaginary part shows implicit frequency dependence.

11
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In summary, we have discussed three different scenarios in which we have PEC, Drude
conductivity with frequency dependent characteristics and dc conductivity of metal. The dc
conductivity case closely matches with experimental results. It is to be noted that dc
conductivity case is a special case of Drude conductivity at terahertz frequencies. We found
that there is a strong influence of conductivity that plays a vital role in determining the Q
factor and the amplitude of the Fano resonances for low structural asymmetry in terahertz
asymmetric Fano metasurfaces. Higher conductivity materials are desired to excite sharper
resonances at low asymmetry such as superconductors. For larger asymmetry Fano resonators,
the radiative loss in the subwavelength resonators become dominant in comparison to the non-
radiative (Ohmic) loss. Thus, the Fano resonance in larger asymmetry metamaterial structures
does not depend strongly on the conductivity parameter. Thus our results show that the
conductivity becomes a critical parameter while designing high Q metamaterial resonators at
lower asymmetries that benefits in choosing an appropriate material for designing high Q

metamaterial based sensors and narrow-band filters at THz frequencies.

12
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Figures:

Figure 1: Schematic of the asymmetric metamaterial array: All the dimensions are shown
in the unit cell (a) in the figure above. 'd" is the asymmetry which is the displacement of the
lower gap from the central vertical axis. Figure (b) shows optical image of experimentally

fabricated sample.

13
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Figure 2:Transmission spectra of PEC Fano metasufaces with varying asymmetry d = 0.3,

0.5, 1, 3, 5 and 10 pum, respectively. Incident electric field is polarized perpendicular to the

split gaps.
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Figure 3: Transmission spectra comparing PEC, Drude, DC, and experimental terahertz
asymmetric split-ring resonators: Figure 3(a)-(d) are for TASR’s with d = 1 um, (e)-(h) for
d =3 um and (i)-(1) for asymmetry d = 5 um. Figure 3 (d), (h) and (1) represent the measured
transmission spectra. Metal in TASR’s is assumed to be PEC for Figure 3(a), (e) and (i),

Drude metal in (b), (f) and (j) and dc conductivity in (c), (g) and (k).
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Figure 4: Fano resonance comparison at low and high asymmetry structures: (a) and (b)

represent the simulated transmission spectra for PEC-TASR (red), DC-TASR (black) and

Drude-TASR (blue) for asymmetry d = 3 and d = 10 um, respectively. Figure (c)-(e) depicts

the simulated electric field distribution at Fano resonance frequency for PEC, DC, and Drude-

TASR respectively at asymmetry of d = 3 um. Inset in Figure (a) represents analytical fit for

the Fano resonances using the coupled oscillator model.
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curves represent different conductivity models in TASR’s such as PEC (red), DC Al (black),

Drude Al (blue) and experimental (cyan).
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