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To investigate dependence of the sensitivity of THz metamaterials on the position of target dielectric
materials, we functionalized the metamaterial gap with an adhesive polymer. A shift in resonance frequency
occurs when polystyrene microbeads are deposited in the gap of the metamaterial’s metal resonator pattern,
while little change is observed when they are deposited on other areas of the metasurface. A
two-dimensional mapping of the sensitivity, with a grid size of 1 pm, is obtained from a finite-difference
time-domain simulation: The frequency shift is displayed as a function of the position of a target dielectric
cube. The resulting sensitivity distribution clearly reveals the crucial role of the gap in sensing with
metamaterials, which is consistent with the electric field distribution near the gap.
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I. INTRODUCTION

Metamaterials have attracted great interest because they
exhibit light-matter interactions distinct from those of natural
materials; some of these distinctive features are negative
refraction, superlensing, cloaking, perfect absorption, and
target-material sensing [1-6]. Metamaterials consist of an
array of metallic structures that interact with electromagnetic
waves; many types of structures have been suggested,
including split-ring resonators that operate across a wide
range of frequencies [7-10]. Various resonance modes appear
in metamaterials, such as inductive-capacitive (LC), dipole,
and quadrupole resonances. In particular, the LC resonance is
typically characterized by its frequency f,=1/(2xVLC),
where L is the inductance of the side-arm structure and C is
the capacitance of the gap structure [11]. Most significantly,
the LC resonance frequency can be shifted by changing
the effective capacitance, e.g. by manipulating the dielectric
configuration around the gap.

Recently, THz metamaterials have emerged as a potential
platform for sensing microorganisms at low concentrations
in ambient and aqueous environments [5, 12]. The detection

volume of a metasensor is strongly confined to the region
near its surface; hence, a very thin water layer minimizes
the attenuation losses present in THz wave transmission in
aqueous environment [13]. In addition, for sensing appli-
cations, the effect of the geometrical parameters on the
metamaterial resonance has to be addressed in fuller detail,
to optimize the devices; these factors include the gap
width, effective substrate index, and edge roughness of the
metal pattern [14, 15]. Obviously, design details of the gap
in metamaterial sensors are crucial to optimizing their
operation; for instance, the vertical extent of the sensing
volume in conjunction with the gap width has recently
been addressed [16]. However, the sensitivity as a function
of the relative position of the target substance has not
been studied explicitly.

In this research, we used terahertz time-domain spectro-
scopy (THz-TDS) to study how the specific location of the
target substance on the metamaterial affects its sensitivity.
We first functionalized the gap area of the metamaterial by
coating it with an adhesive polymer; the result is that
polystyrene (PS) spheres are captured preferentially in that
region. We studied the resonance-frequency shift of the
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THz metamaterials as a function of the position of the
dielectric spheres, which was reproduced by the sensitivity
distribution simulated by a finite-difference time-domain
(FDTD) method.

II. RESULTS AND DISCUSSION

To demonstrate enhanced sensitivity, it is crucial to
concentrate the target substances into the gap area of the
THz metamaterial, because the effective sensing interaction
is highly confined there [14, 17-21]. To that end, we
functionalized the gap region with a poly-L-lysine (PLL)
polymer that works as an adhesive layer; the target materials
were captured only around the effective area (Fig. 1) [22,
23]. As shown in Fig. 1(a), we spin-coated a hexamethyl-
disilazane (HMDS) layer and then a negative-tone photoresist
(Ma-N 1420, Microchem Inc.) onto a Si substrate. Specific
regions of the photoresist and HMDS layers were then
removed through developing and UV-ozone treatment
respectively. The PLL solution was dispensed onto the
sample, incubated for 15 minutes at room temperature, and
subsequently blown dry using nitrogen gas. We removed
the remaining photoresist layer through a lift-off process in
acetone, with an ultrasonic treatment for 15 s. The final
functionalized devices had a PLL layer exposed in the gap
area only, while covered elsewhere by an HMDS layer
that worked as an anti-adhesive layer. Figure 1(b) shows a
dark-field microscopy image of the periodic pattern of PS
spheres deposited on the PLL-patterned Si substrate (with
a thickness of 550 um), without the metamaterial patterns.
The size of the PS spheres was 850 nm; they were
deposited by dipping the patterned Si substrate in a solution
containing the spheres for 10 min. The image confirms
that the PS spheres were attached predominantly in the
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FIG. 1. (a) Schematic for fabricating the functionalized device.
(b) Dark-field microscopy image of the periodic pattern of
polystyrene (PS) sphere deposited on the PLL-patterned Si
substrate. (c) Dark-field microscopy image of metamaterial
(functionalized with PLL) after PS deposition.
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PLL regions, while they were not found in other regions
where the HMDS had been coated. We also patterned the
same PLL and HMDS layers onto the THz metamaterials,
as shown in Fig. 1(c). The metamaterials were fabricated on
a Si substrate (with a thickness of 550 pum) by employing a
conventional photolithography technique, followed by metal
evaporation of Cr/Au (2 nm/98 nm). The THz metamaterials
consist of an electrical split-ring resonator with a side-arm
length of 36 um (/), a line width of 4 um (w), a gap width
of 3 um (d), and a periodicity of 50 pum [5]. To capture
the target materials in the gap area only, we functionalized
the gap region of the THz metamaterials through the
process shown in Fig. 1(a). After being dipped in the PS
solution, the PS beads are collected very effectively near
the gap area only, as we can clearly identify. THz spectra
were recorded by using a homemade THz-TDS system
with an acquisition time of 5 s [24, 25].

To provide direct evidence that the localization of the
target materials is crucial, we performed THz-TDS
experiments on the functionalized metamaterials, as shown
in Fig. 2. We prepared two different configurations of
metamaterial arrays with localized PLL polymer coatings.
For the device shown in Fig. 2(a), the PLL layer was
coated at the center of the gap, and as a result the PS
spheres were located around the gap area after the dipping
process. In contrast, for the second sensor configuration
(Fig. 2(b)) the PLL coating was located 10 pm away from
the gap center, and the PS spheres were located outside
the gap area. The transmission spectra of the PS-coated
metamaterials (red lines) are plotted in Figs. 2(c) and 2(d)
for the gap-centered and offset cases (Figs. 2(a) and 2(b)),
respectively. Transmission spectra for uncoated metamaterials
are also shown for comparison (black lines).

As mentioned above, the metamaterial resonance changes
when dielectric materials are deposited on the surface,
because of the change in the effective index of the gap
region. The resonance-frequency shift can be described
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FIG. 2. Microscopy image of the metamaterial with PS
spheres coated (a) onto the center of the gap, and (b) outside
the gap area. (c) and (d): Experimental transmission spectra
for the metamaterial array, corresponding to the PS locations
in (a) and (b) respectively.
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approximately by the relationship Afffy = — alVay(€p — air)/éetr
[5, 6, 13], where a is a coefficient, N,, is the surface
density of target materials, ¢, and &, are the dielectric
constants of polystyrene spheres and air respectively, and
g 1s the effective dielectric constant without the target
substances. As expected, the PS deposition at the center
of the gap causes the resonance frequency to shift toward
the red, due to the increased effective dielectric constant in
the gap area [5, 6, 8, 12]; the measured frequency shift is
Af=7.8 GHz (Fig. 2(c)). However, the shift for the PS
coating outside the gap area is Af=0.9 GHz (Fig. 2(d)),
smaller than the in-gap case. We note that because the PS
coated area is relatively large, some of the PS spheres
may have overlapped with the effective sensing area. Here
the effective dielectric constant can be determined by a
combination of air and substrate indices, resulting in &g=
6.4 for the Si substrate [26, 27]. The number of PS spheres
located in the gap area was around 30 on average; in other
words, the surface density was 0.012 um™, if divided by
the entire unit cell area of 50 x 50 pm’. Therefore, the
coefficient in terms of surface number density of PS was
estimated to be a=3.02 um*/particle, whereas it will vary
depending on the size of PS.

We performed FDTD simulations (Lumerical) to confirm
our experimental results and quantify the position-dependent
sensitivity of the metamaterials [12]. For target materials,
we placed dielectric spheres with a diameter of 1 um in a
3 x 7 array, and used the dielectric constant of polystyrene
(ep=2.56) [28]. The transmission spectra with the PS (red
lines) and without (black lines) are shown in Figs. 3(a)
and 3(b) respectively. The shift Af is much larger (6.9
GHz) when the beads are located at the center of the gap.
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FIG. 3. FDTD simulation results for dielectric spheres coated
(a) on the center of the gap, (b) outside the gap area.

Significantly, Af is much smaller (0.7 GHz) when they are
located away from the gap. Again, this confirms the crucial
role of the gap structure in sensing with metamaterials.
Finally, to obtain the sensitivity distribution for our
metamaterial pattern, we carried out an FDTD simulation
of the frequency shift to determine its dependence on the
position of the target materials, shown in Fig. 4, because
Af is proportional to the sensitivity, according to S= Af/N,,
[6]. We chose a dielectric cube with an edge length of 1 pm
and a dielectric constant of ¢, =10 as the target material
(Fig. 4(a)). Figure 4(b) shows the representative transmission
spectra from the simulation when the dielectric cube was
located in the gap area (in particular, near the edge of the
metal gap structure). We note that the resonant frequency
is higher (1.29 THz) relative to those in Figs. 2 and 3, in
which we used a Si substrate. Quartz substrate is beneficial
because the frequency shift is higher in the case of lower
substrate index [12]. Clearly, the two-dimensional (2D)
distribution for Af illustrates a unique sensitivity map that
is strongly localized around the gap area (Fig. 4(c)). Only
marginal frequency shifts are observed outside the gap area
(except for some regions near the metal edges). Significantly,
we find that the sensitivity is particularly high near the
metal edge within the gap area: The shift is 2.4 times as
great near the metal edge as at the center of the gap. For
comparison, we plot the 2D distribution of electric field
amplitude (Ey) in the x-y plane (at z=0) for a device with
a gap width of 3.0 pm (Fig. 4(d)). As discussed above,
the effective detection volume of the THz metamaterial in
the gap area is highly confined near the surface, which is
indicated by the electric field being strongly confined
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FIG. 4. (a) Schematic of position-dependent sensitivity
mapping by using FDTD simulation. (b) Simulated trans-
mission spectra for the metamaterials on a quartz substrate,
with and without the presence of a dielectric cube (1 pm?®)
located in the gap area. (¢) Simulation showing 2D mapping
of the resonance-frequency shift (color bar, in GHz) as a
function of the dielectric cube’s position. (d) 2D plot of the
electric field (£y) distribution at the resonance frequency of
1.29 THz.
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around the gap area. In particular, the field distribution
matches nicely with the sensitivity map shown in Fig.
4(c), including the fact that the sensitivity is enhanced
near the metal edge.

1. CONCLUSION

In conclusion, we investigated the position-dependent
sensitivity of THz metamaterials by using localized concent-
rations of PS microbeads. A shift of the metamaterial’s
resonance frequency occurred when we coat the microbeads
on the gap area by using PLL functionalization; however,
the frequency shift is negligible when we deposited them
on other areas of the metamaterial. A FDTD simulation
reproduced our experimental findings successfully. Finally,
to infer the sensitivity distribution from the simulation, we
calculated the frequency shift as a function of the position
of a target dielectric cube, using a step size of 1 pm. The
resultant 2D mapping of the frequency shift clearly
demonstrated that the sensitivity was higher for target
positions inside the gap area, particularly near the edge of
the metal pattern. This result was consistent with the 2D
distribution of electric field, which was highest near the
metal edge. This will help us to find the optimal conditions
for the high-sensitivity sensing of target materials.
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