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We demonstrate higher radial order spoof localized surface plasmon (LSP) resonances excited by a planar plasmonic waveguide with a ladder-
shaped unit as a unique platform for terahertz (THz) on-chip sensing. The frequency shifts induced by the different dielectric permittivities of edible
oils for higher radial order spoof LSPs are more sensitive than those for the fundamental mode. Experimental and simulated results agree well with
each other. The proposed structure is easily integrated and have potential applications in enhanced on-chip THz sensing.
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urface plasmon polaritons (SPPs), by their very

nature, are propagating electromagnetic (EM) waves

that can be confined at metal-dielectric interfaces
which have two opposite permittivities."'> Surface plasmons
including SPPs and localized surface plasmons (LSPs) show
a weakly localized capacity of EM waves near metallic
surfaces at lower frequencies due to the fact that metal is
regarded as a perfect electric conductor.” Furthermore, spoof
SPPs/LSPs were introduced by using structured metallic
surfaces to mimic natural properties in microwave and
terahertz (THz) frequencies.”® The spoof SPP structure
has a lower effective surface plasma frequency and can be
controlled by adjusting its geometry on designed surfaces.
Several periodic designed surface structures with different
shapes were proposed to excite spoof SPPs.”® In the case of
spoof LSPs, changing the shape and dimensions of metallic
disks can also have a tremendous impact on the multipolar
modes of spoof LSPs,””'* which originate from excitations
of conduction electrons on subwavelength metallic particles.
Such spoof SPPs/LLSPs have been applied in a broad range of
technological areas, such as optical antennas and
sensors.'>™'?)

The behavior of higher-order modes of spoof SPPs has also
been widely studied. These higher-order modes can be excited
on the geometry of deep-corrugated metal surfaces and are
more sensitive to the surrounding environment.”*** Similarly,
higher radial order spoof LSP modes have been observed at
microwave frequencies.'z) However, there are several limita-
tions on previous structures that can excite higher (radial)
order modes of spoof SPPs (LSPs) for actual application. In
Ref. 21, an optical prism is shown not to be beneficial for
integration. In terms of higher radial order spoof LSPs, a single
meta-atom has been excited by microwave probes, which is
not easily extended to the THz range in experiments.'?

In this work, we propose an on-chip method to excite
higher radial order spoof LSPs at THz frequencies. The THz
band (the lower and upper frequency limits are each put at
100 GHz and 10 THz) has many attractive characteristics. For
instance, THz waves are non-ionizing and can penetrate
materials composed of non-polar molecules (such as oil).'®
When a commercial THz time-domain spectrometer is used
to detect samples, the system requires a large volume of the
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sample and cannot be used for microsample testing.'®
Moreover, metasurfaces can strengthen the interaction be-
tween the substance and THz wave because of its strong
electric field limitation.'*'* However, the incident direction
of the EM wave is not parallel to the surface of the chip
which is not conducive to integration in practical
applications.”**> Here, an on-chip THz sensor by coupling
high radial order spoof LSPs with a planar plasmonic
waveguide®® is proposed. We find that the higher the radial
mode is, the higher the sensitivity is. The dispersion relation-
ships of three radial order modes are discussed. Frequency
shifts due to the refractive index difference between edible
oils and air are also found for the three radial order modes.
The sensitivity of the second and third radial modes is
45.64 GHz/RIU and 25.35 GHz/RIU, respectively, which are
higher than the fundamental mode. Experimental results
show that highly sensitive detection of different edible oils
can be achieved based on the refractive index differences of
different types of edible oils. These results open a new door
for the highly sensitive on-chip detection and integration of
spoof LSPs based on higher radial order modes.

To excite higher radial order modes, a subwavelength
deep-grooved corrugated metallic disk resonator (CMDR) is
designed and coupled with an ultrathin planar spoof SPP
waveguide. Figures 1(a) and 1(b) show the plasmonic
sensing chip. The coplanar waveguide (CPW) port 1/2 can
be used as the signal input/output port. The parameters of the
CPW system are as follows: the width of the waveguide port
w (30 um), the width of slot lines g (2.82 um) and the
permittivity € of the quartz substrate (3.75). In addition, by
setting a ladder-shaped metallic unit with H = 180 yum, we
realize field enhancement at the top of the ladder shape,
which can act as a probe to excite a higher radial order of the
CMDR with R =860 pm, r=25 um, d =270 um, a = 0.5d,
and N=20 (the total number of grooves). The spacing
between the spoof SPP part and the CMDR is 1.5 um.

At first, we consider the metals as perfect electric
conductors and analyze the dispersion relation of the
CMDR which can support the propagation of spoof LSP
waves along the corrugation grooves in a perfect conductor.
The eigenvalue equation of the CMDR can be roughly

expressed as:*"
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Fig. 1. (Color online) The designed plasmonic sensing chip.
relation of the CMDR with different groove depths.

cot[ko(R — r)] = —Z (1)

(n)

where k) = w/c is the wave number in free space, c is the
light velocity in vacuum, A is the working wavelength, a is
the width of the grooves of the CMDR, h=R-r is the
depth, d is the lattice constant, ¢,™ = \/(k,")? — ko2,
and s, = sinc(kfw/2) (k. is the parallel momentum).
Considering the subwavelength approximation (k, > ko,
A > a, A > d), the dispersion relation for TM polarization
(Ey, E, and H,) propagating along the x direction can be
obtained as

2

k. = ko \/ 1+ %tanz [ko(R — r)]. )
According to Eq. (2), the frequency is mainly controlled by
the depth of the groove #, and k, is roughly proportional to A.
As is known, spoof LSPs can propagate more slowly but can
be confined more tightly to the corrugated metal structure.
When £ is large enough, for instance, & > md (integer m is the
resonance order), a higher radial order of the spoof LSP can
be supported; in contrast, when h < d, only the fundamental
mode exists on the corrugated metal surface.

To further illustrate how the groove depth can influence the
propagation property, we calculate the dispersion relations of
the proposed CMDR by using CST software, as shown in
Fig. 1(c). The red dashed line and the green line are the
dispersions for vacuum light and the CMDR with a groove
depth 7y =0.3*h, respectively. When the groove depth
decreases to h; (h; <d), only the fundamental mode can be
excited. As the groove depth increases to larger than three
times d, the second and third radial order modes can obviously
be seen (dot—dash line and star—dash line, respectively).

Figure 2 shows the transmission coefficient S,; and the near-
field electric distribution of spoof LSP modes near the surface of
the plasmonic waveguide/resonator hybrid chip by using CST
Microwave Studio. The boundary conditions of the x, y, and z
axes are set to be open. The z-component of the electric field is
plotted within the x—y plane 0.004 mm above the disk upper
surface to monitor the unique characteristics of the electric field
of the CMDR. In Fig. 2, the blue (red) line is the transmission
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(a) The 3D side view and (b) the front view of the plasmonic sensing chip. (c) The dispersion

coefficient S,; of the plasmonic waveguide chip without (with)
the deep-groove CMDR. The fundamental-order mode is
evaluated at frequencies ranging from 30 to 90 GHz
[Fig. 2(a)], presenting azimuthal multipolar resonance charac-
teristics corresponding to fundamental dipolar, quadrupolar and
hexapolar modes (marked 2, 4, and 6 in Fig. 2, respectively).
Their electric field characteristics have been reported earlier
based on theoretical and experimental studies.'""'* The second
radial order modes cover the frequency range from 120 to
200 GHz, which fits well the dispersion shown in Fig. 1(c). The
electric fields indicate the node ring along the grooves, showing
the characteristics of radial second-order modes. Hexapolar
(2-6), octupolar (2—-8), decapolar (2-10) and dodecapolar (2—
12) modes are also found in the spectrum. Similarly, third radial
order modes can be found at around 280 GHz. The electric field
shows two node rings along the grooves. Azimuthal multipolar
resonances corresponding to the dodecapolar to octadecapolar
modes are also listed in Fig. 2. It is worth noting that higher
radial order modes can be successfully excited by the plasmonic
waveguide in this planar chip.

To demonstrate the sensitivity of the designed plasmonic
chip, we introduce eight kinds of oil (rapeseed oil, sunflower
oil, olive oil, coconut oil, pumpkin seed oil, hemp oil, linseed
oil and rice bran oil; their refractive indices have been identified
by Marie Tobolova®”) to observe the sensitivity to frequency
shifts, as shown in Fig. 3(a). In the radial fundamental mode,
the stronger resonance peak is located at 54 GHz and its Q
factor is 13. The azimuthal profile demonstrates that it is a
quadrupolar mode. In the radial second-order modes, the
deepest resonance peak is found at 166.5 GHz with a Q factor
of 49. Observing the electric field, we find that it is in decapolar
mode in the azimuthal direction and has a node along the
groove in the radial direction. Finally, when the frequency
reaches 280.5 GHz, we can see the most sensitive resonance
peak with a high Q factor of 172. The electric field presents a
hexadecapolar mode profile in the azimuthal direction and there
are two nodes along the groove in the radial direction,
indicating that they are the radial third-order modes.

In order to compare the sensitivity of the three radial order
modes, we compare the frequency shifts by changing the
refractive index to evaluate the sensitivity of the different
radial orders. Taking the metallic loss into consideration,

© 2019 The Japan Society of Applied Physics
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(Color online) (a) Transmission spectra of three radial order modes with different edible oils and (b) the theoretical and simulated resonance

frequency as a function of the filling refractive index n, for different mode-based sensing. The solid points are the theoretical resonance frequency. The hollow
points are the simulated resonance frequency. The lines are obtained by linear fitting of the simulation data.

when kongzR > 1, kongr < 1 (a small core radius), the
dispersion relation of higher radial order spoof LSPs can be

expressed as:'?
Ry tan (de - %) - %(kdr)2
kopp = ka |1+ (5) 3 ~
1+ —(k rztan(kR——)
4( ar) d 2
where
kd = kond(l + ls(l + 1)/61)1/2. (4)

Here n, is the refractive index of the medium filling the
grooves and [ = (koRe./—¢ep, )~ lis the skin depth of the
metal (¢, is the complex permittivity of the metal film).
Figure 3(b) plots the theoretical [according to Eq. (3)] and
simulated resonance frequency shift [according to Fig. 3(a)]
with respect to the refractive index n; of the edible oil. The
theoretical resonance frequencies according to Eq. (3) fit well
the simulated results. This linear relationship can also be
confirmed by Ref. 20. The resonance frequencies of all three
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order modes contain a linear relationship as a function of the
refractive index ng. A higher order has a bigger gradient—in
other words, a higher sensitivity. The fitting lines for the
different modes are Af; =—5.19+5.07n; (fundamental
mode), Af, =-25.20+25.35n; (second-order radial
mode), and Afy =—45.36 +45.64n, (third-order radial
mode). It is interesting that the sensitivity is roughly
proportional to the fundamental-order modes. For example,
in the situation of the third-order mode, the sensitivity
(45.64 GHz/RIU) is nearly nine times that of the fundamental
mode (5.07 GHz/RIU); at the same time, that of the second
order (25.35 GHz/RIU) is exactly five times that of the
fundamental mode. There is no doubt that a higher mode
has a higher sensitivity to environment changes.

We also change the shape of the SPP part of the plasmonic
chip to find out the function of the ladder-shaped unit by
comparing the transmission coefficients S,; with the normal
shape [Fig. 4(a)] and with the ladder shape [Fig. 4(b)].
Compared to the normal shape, near the CMDR, we set a
ladder-shaped metallic unit with H =180 um to make a
sudden change in this guiding structure. In Fig. 4(c), by

© 2019 The Japan Society of Applied Physics
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mode with different oils.

using a ladder-shaped unit, the transmission coefficient Sy,
can drop from —13.6dB to —25 dB (from —15.3dB to
—38.8dB) at the resonance frequency of the second (third)
radial order spoof LSPs. The reason is that SPPs are very
sensitive to small changes in the surface and are likely to be
scattered into the air due to sudden changes in the guiding
structure. This sudden change acts as an antenna, and reemits
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(Color online) The proposed sensing chip: (a) microscope image, (b) wafer, (c) measurement platform, (d) experimental results of second-order radial

THz waves to excite higher radial order spoof LSPs by
grazing incidence. To further confirm the advantage of the
ladder-shaped unit, the electric field distributions at
166.5 GHz [Fig. 4(d) (normal shape), 4(f) (ladder shape)]
and 280.5 GHz [Fig. 4(e) (normal shape), 4(g) (ladder shape)]
are plotted. Comparing the normal shape with the ladder
shape, the ladder-shaped metallic unit actually serves as a

© 2019 The Japan Society of Applied Physics
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scatterer which can enhance the excitation of the higher radial 4)
order spoof LSPs and cause larger Q values compared to the
normal structure. %)
A plasmonic sensing chip sample is shown in Fig. 5. The 6)
thickness of the quartz substrate is 1 cm. The sensing chip is
fabricated by using the conventional lithography method. 7)
When the sample is ready, we measure the transmission
coefficient S,; by an Agilent N5245A vector network 8)
analyzer using the WRS.1 module (140-220 GHz, covering
the second-order radial modes). As shown in Fig. 5(c), two 9
probe pins are placed at port in and out to introduce and
detect terahertz signals from the VDI module. The transmis-  10)
sion spectra of the second-order modes with olive oil, with
hemp oil and without oil are shown in Fig. 5(d). A difference 1)
in refraction index of 0.02 can result in a frequency shift of
0.4 GHz. The experimental results fit well the simulation 12)
results. There are also some slight deviations, which are
mainly caused by fabrication and measurement tolerances. 1)
In summary, an ultrathin plasmonic sensing chip that can
excite higher radial order spoof LSP modes is proposed.
Radial fundamental, second-order and third-order modes of 14
the spoof LSPs can be found in the transmission spectra and 15)
can be verified by analyzing the dispersion relation and
electric field profiles. We also demonstrate that the sensitivity
of higher-order modes is proportional to the fundamental 6
order by measuring the frequency shift of edible oils. For 17)
example, the sensitivity of the radial third order is nine times
that of the radial fundamental order. This proves that the 18)
higher the order, the higher the sensitivity. The proposed
plasmonic sensing chip has potential applications in biosen- 19)
sing at the THz band.
20
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