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Abstract: In this paper, the coplanar excitation of terahertz Spoof Surface Plasmon (SSP) realized by using a
single-layer grating meta-surface coupling method is proposed, which overcomes the disadvantages such as
the reflection measurement when applying the medium couplers. The periodic grating and terahertz SSP com-
posite structure are simultaneously constructed on the monolayer metal structure. When the terahertz waves
are incident vertically, the wave vector of grating structures and the wave vector of SSPs are matched, and
the SSP mode can be excited. The high Q value resonant peaks can be generated in the transmission spec-
trum, and the Q factor can reach 1923. The effects of the structural parameters on the grating-coupled meta-
surface transmission spectrum and dispersion characteristics are also analyzed. In addition, based on the high
O resonant peak in the transmission spectrum of the designed structure, the high sensing sensitivity is about
67 GHz/RIU at the resonant center frequency of 0.22 THz. The structure proposed in this paper, which real-
izes terahertz SSP excitation and high Q sensing by treating a single-layer meta-surface structure, exhibits

great application potential in many practical applications.
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1 Introduction

The Spoof Surface Plasmon (SSP) based on the
metal microstructure-dielectric system, which has
excellent sub-wavelength transverse resolution, in-
terface near-field enhancement and other character-
istics, is widely concerned in the fields of physics,
chemistry and biology!, and shows great applica-
tion potential in the field of super-resolution ima-
ging and sensing”’!. In order to excite SSP mode,
the wave vector of electromagnetic wave in free
space should match the wave vector of metal sur-
face polarization wave. Generally, there is a certain
phase difference between the two wave vectors,
which requires grating coupling structure™, prism
coupling structure” and waveguide coupling struc-
ture!® to achieve wave vector compensation, thus
generating terahertz SSP mode. The above struc-
tures have problems such as large volume, vertical
reflection and decoupling effect, and the operating
bandwidth of non-coplanar excitation structures
such as gratings and waveguides are narrow, which
makes it difficult to efficiently couple with SSP
structures with high Q values!”. By using the tapered
parallel plate waveguide as the coupling structure,

Tang H H et al.. of Peking University effectively

doi: 10.37188/C0.2022-0204

compressed and coupled the incident terahertz wave
to a sub-wavelength gap to achieve ultra-wideband
and efficient conversion from traditional electro-
magnetic wave to SSP,

Meta-surface couplers with periodic scattering
characteristics can introduce any additional wave
vector, and have attracted more and more atten-
tion®'%, Compared with traditional SSP coupler, the
meta-surface dielectric coupler can not only realize
the design and manufacture of sub-wavelength size
and thickness, but also has greater advantages in
constructing multi-channel and multi-functional SSP
devices!'"'?. In 2012, Sun S L et al.. first reported
that the metal gradient meta-surface working in the
reflection mode converts the Propagating Wave
(PW) into the Surface Wave (SW), and the effi-
ciency in the microwave region is close to 100%!"3..
The momentum mismatch between PW and SW is
compensated by the reflection phase gradient of the
meta-surface. For any incident angle greater than the
critical value, a nearly perfect PW-SW conversion
can occur. So far, most of the meta-surface couplers
operating in reflection mode work in the microwave
range, and the conversion efficiency of terahertz
SSP meta-surface couplers is lower than 70%!"". In

addition, the dispersion relationship of metal struc-
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tural elements in these coupled structures limits the
operating bandwidth. On the other hand, the cur-
rently reported couplers working in metallic cell
structures have disadvantages such as complex mul-
tilayer structures and narrow operating band in the
microwave range ',

Terahertz SSP sensor has the characteristics of
real-time, label free, ultra-sensitive, etc., and is
widely used in sensing, nondestructive testing and
other related fields!. Ng B et al.. used prism or
scattering method to generate terahertz SSP mode
on the metal surface of periodic grooves, further
realizing detection and sensing of different fluid

16-

samples!'®'”). Huang Y et al.. used a high resistivity
silicon prism coupler with high refractive index to
convert the incident terahertz wave into SSP mode,
further realizing sensing research"®. By combining
controllable plasma resonance and attenuated total
reflection, they realized ultra-precise terahertz
sensor with direct phase readout capability. The re-
flected THz phase showed two completely different
jumping responses to the coupling gap with corres-
ponding phase spectrum @ factor in the range of
9.7-43.4 for the liquid sensing. Sathukarn A et al..
reported a surface plasmon resonance refractive in-
dex sensor based on metal coating!”!. A gold-plated
grating with polydimethylsiloxane (PDMS) as a
substrate was designed and measured for gasoline-
toluene mixtures detection. The surface plasmon
resonance frequency was matched to the operating
frequency by varying the grating period. Most of the
studies reported so far have used conventional struc-
tures as couplers. The use of prisms as couplers to
excite SSP for sensing requires the selection of spe-
cific materials and design of prism structure para-
meters, and certain angular relationships need to be
satisfied to excite the SSP mode. In addition, pris-
matic coupling structures are not easy to integrate in
the system™”,

In recent years, the simultaneous coupling on a
single meta-surface structure and the excitation

structure of SSP have also attracted much attention.

SSP mode is excited on the metal groove array by
setting a phase gradient structure on part of the
meta-surface. Yin L Z et al.. proposed a terahertz
spin-decoupled dual function meta-surface coupler
for SSP generation and beam deflection™. The de-
signed super-surface coupler consists of a coupling
super-surface and a transmission super-surface. The
former can anomalously reflect right-spin circularly
polarized incident waves, as well as convert left-
spin circularly polarized incident waves into SSP
modes. The latter is used to propagate the excited
SSP modes. When the frequency is 0.3 THz, the
conversion efficiency of right- and left-spin circu-
larly polarized incident waves can reach 82% and
70% respectively. In the recent work, our research
group reported the terahertz SSP coupling structure
based on gradient dielectric meta-surface and two-
dimensional dielectric super-grating structure. These
two structures can deflect the vertically incident
terahertz wave to a specific angle in the substrate,
which makes the power in the first order refraction
direction increase significantly while attenuating the
power of other reflection and refraction orders, thus
realizing the compensation of SSP wave vector, and
further generating SSP mode on the surface of the

1121 Furthermore, the

bottom metal groove array!
terahertz sensing performance with high sensitivity
can be achieved by using these two structures in the
detection of gas and liquid.

In this paper, SPP mode excitation and high O
sensing performance are achieved by using single-
layer grating coupled meta-surface composite struc-
ture. Based on the principle of grating diffraction,
the proposed meta-surface structure can take the
wave vector of the diffraction wave at a specific
angle as the compensation wave vector of THz SSP,
thus generating surface plasmon resonance and high
QO resonance peak in the transmission spectrum.
Compared to the other sensors based on terahertz
SSP, the structure designed in this paper has the fol-
lowing three main advantages:

(1) Using a simple single-layer grating meta-
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surface composite structure as a coupler, it can be
used as a high Q sensor while exciting the SSP
mode;

(2) The proposed grating meta-surface struc-
ture works in transmission mode, which overcomes
the disadvantage of inconvenient reflection meas-
urement when using dielectric coupler in practical
applications;

(3) The Q value of the resonance peak gener-
ated by SSP excited by the designed meta-surface
structure reaches 1923. When the meta-surface
structure is used for sensing, the sensitivity is
67 GHz/RIU.

This work opens a new way for terahertz SSP
to be used in many fields of ultra-thin and compact

functional devices.

2 Design of grating coupled meta-
surface element structure

In this paper, an "E" - like metal meta-surface
is designed to realize SSP mode excitation in tera-
hertz band. Fig. 1 (a) shows the schematic diagram
of the proposed grating structure, which is com-
posed of a metal strip structure etched on the sur-
face and a PDMS substrate. Terahertz wave is incid-
ent to the device perpendicular to the surface of the
metal microstructure. Its electric field is parallel to
the y-direction, and its magnetic field is parallel to
the x-direction. The unit structure of the grating
coupling meta-surface is shown in Fig. 1 (b). P, and
P, represent the periods of the unit structure in the x-
and y-directions respectively. The protruding metal
bars are divided into two parts on average, with the
length of w respectively. Three metal bars consti-
tute a unit structure. The diffraction effect of the
composite grating structure composed of three met-
al bars is equivalent to that of the grating shown in
Fig. 2 (a), while three separate metal bars form the
SSP structure. The conductivity of the selected met-
al material is 4.1 x 107 s/m, the dielectric constant of
PDMS is 2.34. The transmission characteristics of

the proposed grating coupled meta-surface structure

are studied by using the finite element analysis
method, and the dispersion characteristics of a
single metal bar structure with grating structure are
analyzed. The simulation time is effectively re-

duced by setting periodic boundary conditions.

» (b)

(@) <

Fig. 1 The meta-surface structure of the terahertz SSP
based on grating coupling. (a) Schematic diagram of
the grating-coupled SSP meta-surface structure; (b)
schematic diagram of unit cell structure of the meta-
surface
K1 BT OSSR 2% SSP R 45 . (a)
JCHI G SSP R A H 1A ; (b) BRI L ITA5 7R
pEd]

3 Analysis and discussion of SSP
mode characteristics

Based on the principle of grating diffraction,
SSP mode can be excited by grating coupling. When
THz wave in free space vertically incident on peri-
odic meta-surface structure, electromagnetic wave
diffraction can occur. Different diffraction angles of
gratings indicate different diffraction orders. The
wave vector of the diffraction wave at a specific
angle can be used to compensate the wave vector of
the SSP mode so that the diffraction electromagnet-
ic wave vector corresponding to the diffraction
angle matches with the SSP wave vector, then SSP
resonance can be realized at this time. Externally, it
shows that the diffracted electromagnetic wave is
absorbed, and the corresponding resonance peak can
be generated in the transmission spectrum. Com-
pared with the traditional prism coupling mode, this
structure reduces the number of used devices and
can further realize miniaturization (Fig.2, color on-

line).
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Fig. 2 The meta-surface structure and transmission properties. (a) Schematic diagram of the equivalent grating coupler; (b)

schematic diagram of the metal bar unit; (c) transmission spectra corresponding to different a; (d) dispersion character-

istics of the grating and metal bar with different a

K2 ERTEHSOESERE . (a) SROUHHRE & S 4578 I (b) SRR T R B (o) R RISSHISEL o XD
5518 () A ZH a ANTR) IR X A I B s T e Y (A HIOG 3R

The specific parameters of the designed struc-
ture are as follows: P=500 um, P=400 pm, P=
120 pm, L=3 x P, w=0.5 x P, a=40 pm, b=0.5 x P,
d=60 um, where P is the period of single metal bar
small unit structure, a is the width of the first sec-
tion of the protruding metal bar, b is the width of the
second section of the protruding metal bar, and d is
the distance between the protruding metal bar and
the metal frame. In order to facilitate the device pre-
paration in the subsequent work, the thickness of
metal grating /=50 pm and the substrate thickness 7=
400 um are selected. The transmission spectrum and
dispersion curves are first analyzed by varying the
width a of the first section of the metal bar, where
the values of @ are chosen as 30 pm, 50 um, 70 pm,
and 90 um. The variation trend of transmission char-
acteristics with width a is shown in Fig. 2 (c).
It can be seen that with the increase of a, the reson-
ant frequency shows a significant blue shift, and the
bandwidth of the resonant peak is extremely narrow.

Secondly, the dispersion of grating structure

and single metal bar structure is analyzed respect-

ively, and the results are shown in Fig. 2 (d). The
black solid line in Fig. 2 (d) represents the disper-
sion curve of the metal grating structure. Next, the
dispersion analysis of the periodic metal bar struc-
ture is carried out, as shown in the dotted line in
Fig. 2 (d), which can provide dispersion character-
istics similar to those of the SSP mode. The analys-
is of the two dispersion curves shows that the dis-
persion of the grating structure and the SSP disper-
sion have an intersection point, and the wave vector
compensation of the SSP mode can be achieved at
this point by the grating coupling structure, which is
numerically expressed as that the wave vector k,
along the metal surface generated by the grating
coupling structure matches with the wave vector kgsp
of the SSP mode. A comparative study reveals that
the positions of the four intersections in Fig. 2(d)
correspond to the positions of the four resonance
peaks in the transmission spectrum in Fig. 2(c), and
this result can indicate that the terahertz SSP mode
is excited by the grating-coupled super-surface

structure. The excited resonances exhibit surface
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plasmonic properties and form a field distribution
along the metal surface, which greatly enhances the
field confinement at the metal surface and allows
the designed structure to have a relatively high QO
factor, which can be used to realize ultra-sensitive
Sensors.

Furthermore, the influence of the geometric
parameters of the meta-surface structure on the THz
SSP mode excitation is studied. The control vari-
able method is used to study by (D changing the
width a of the first section of the protruding metal
bar, (2 changing the width b of the second section
of the metal bar, (3 varying simultaneously a and b
when making a=b, and @ changing the spacing d
between the metal bar and the metal outer frame, re-
spectively, and obtain their transmission change
curves as shown in Fig. 3 (color online). Firstly, the
transmittance is analyzed when the width a is var-
ied in the range of 30-90 um in steps of 20 um, and

the other parameters constant are fixed. It can be

@ 1.0

a=30 um
a=50 um
0.8 a=70 pm
o a=90 pm
206
E
g 04r
=

020 025 030 035 040

0.10 0.15
Frequency/THz
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S
% 0.6
.2
5
504+
&
0.2
0 1 1 1 1 N
0.10 0.15 020 025 030 035 040

Frequency/THz

seen from Fig. 3 (a) that the resonant frequency in
the transmission spectrum shows a blue shift trend
with the increase of width a. Then, when changing
b, the same change interval and step size are used
for analysis. It can be seen from Fig. 3 (b) that the
resonant peaks in the transmission spectrum have an
obvious tendency to redshift as b increases. When
a=b, changing both @ and b at the same time, it can
be seen from Fig. 3 (c) that the resonant frequency
in the transmission spectrum shows a slight blue
shift. This is because the extent of the blue shift of
the resonant frequency when changing a is greater
than the extent of the red shift when changing b, so
only a slight blue shift occurs when both are
changed at the same time. Finally, the influence of
different parameters d on the transmissivity of the
meta-surface structure is studied, as shown in Fig. 3
(d). When d is changed, the resonance position in
thetransmissionspectrumdoesnotchangesignificantly,

so it can be judged that the SSP generated by this

® 1.0
— b=30 pm
| —— b=50 um
0.8 —— b=70 pm
— b=90
50‘6'\\\\\ :
z 04}
§ §
02l
ok
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Fig. 3 Effects of different structural parameters on the transmission spectrum of grating-coupled meta-surface structures. (a)

Transmission spectra with different a; (b) transmission spectra with different b; (c) transmission spectra with the simul-

taneous variation of @ and b; (d) transmission spectra with different d
K3 RRZSHSEDOUHRE S BRI A ESREE . (a) S8 o AFEREYIESE; (b) S8 b AFI &GS (o)
ZH a A b R AP 0375 5515 (d) 288 d S[R3
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structure is insensitive to parameter d.

In the above research, the influence of four
variables on transmission characteristics is analyzed.
In order to further explain the performance of THz
SSP mode excited by the designed grating coupled
meta-surface structure, the influence of these four
structural parameters on dispersion characteristics is
further studied. Similarly, with the fixed parameters
b and d and varied parameter a from 30 um increas-
ing to 90 pum in steps of 20 pum, as shown in
Fig. 4 (a)(color online), the asymptotic frequency of
its dispersion characteristics shows a significant
blue shift trend, which is consistent with the blue
shift trend of the resonant frequency in the transmis-
sion spectrum corresponding to changing « in Fig. 3
(a), further demonstrating that the resonant peak is
the resonance formed after the excitation of the SSP
mode. Next, with the fixed other parameters and

varied parameter » from 30 um to 90 um in the
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=
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same step of 20 um, as shown in Fig. 4 (b)(color on-
line), its asymptotic frequency has red shift. Then, it
is analyzed with parameter a=b and both changing
in the same step and range, and the fixed parameter
d. The results are shown in Fig. 4 (c)(color online).
It can be seen that the asymptotic frequency of dis-
persion has a slight blue shift. Finally, with the fixed
parameters a and b, the influence of the parameter d
on the dispersion characteristics is analyzed. As
shown in Fig. 4 (d)(color online), the asymptotic
frequency of the dispersion curve does not shift sig-
nificantly, which is consistent with the influence of
the above analysis parameters on the transmissivity.
From the above analysis, it can be determined that
the resonance in the transmission spectrum is
formed by the SPP mode excited by the grating
coupled metal meta-surface.

Through the analysis of parameters a and b, it

can be judged that the asymptotic frequency of the
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Fig. 4 Effects of structural parameters on the dispersion characteristics of periodic metal structures. (a) Dispersion character-

istics with different a; (b) dispersion characteristics with different b; (c) dispersion characteristics with the simultan-

eous variation of a and b; (d) dispersion characteristics with different d
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dispersion of this structure is proportional to the
width a of the first section of metal bar (the smaller
the a, the lower the asymptotic frequency), and in-
versely proportional to the width » of the second
section of metal bar (the larger the b, the lower the
asymptotic frequency). When a=b and the width of
the both metal bars are changed at the same time,
the influence of parameter a and parameter b on the
dispersion asymptotic frequency is mutual cancella-
tion, and the influence of parameter a on the fre-
quency shift is slightly greater than that of paramet-
er b, resulting in a slight blue shift of the asymptot-
ic frequency. Finally, when the distance d between
the metal bar and the metal frame is changed, it is
found that the dispersion characteristics do not
change significantly. To sum up, the stimulated THz
SSP can be regulated by changing parameter a or
parameter b. Because SSP has strong field limiting
ability and high Q value at resonance frequency,
SSP resonance can be used for highly sensitive sens-

ing.

4 Analysis of sensing performance
of grating coupled meta-surface
structure

Fig. 5 (color online) shows the electric field
distribution when the resonant frequency is 0.22 THz.
In the electric field distribution in the x-z cross sec-
tion, there is a terahertz SSP mode propagating
along the metal surface on the metal microstructure
surface. The surface wave generated by the struc-
ture surface is very sensitive to the transformation of
the surrounding environment. When this is used as a
sensor, the object to be measured can be placed on
the structure surface to sense the change of the sur-
face electric field distribution caused by the change
of the object to be measured. Since refractive index
is one of the important properties of sample materi-
als, different materials have their own specific re-
fractive index, so it is possible to distinguish and

identify different materials or material properties by

detecting different refractive indexes. Therefore, in
the sensing research, it is assumed that different re-
fractive indexes are used to analyze the perform-
ance of the sensor.

QO can represent the structure's ability to limit
electromagnetic waves. The higher the Q, the great-
er the ability to limit electromagnetic waves.
Changes in the surrounding environment have an
impact on the structure field distribution, and sens-
ing can be realized by detecting the changes. There-
fore, the structure with higher Q value has stronger
sensing performance. In order to improve the sensit-
ivity, one of the key factors is to design a structure
with high Q value. Generally, if SSP is used to
achieve high sensitivity, its structure needs to have a
high Q value. The calculation formula of Q value is
O=1/(1fi-2|), where f; is the resonant center fre-
quency, f; and f; are the corresponding frequencies
when the resonant peak amplitude is half of the
maximum value. The analysis of the resonant peak
of the transmission spectrum shown in Fig. 2 shows
that the Q value reaches 1923, indicating that the
structure has strong field limiting ability, which is
conducive to practical applications in many fields.
There are several reasons for the high O value.
Firstly, because the resonance is closer to the
asymptotic frequency, the SSP mode near the reson-
ance point is more confined to the metal structure.
As can be seen from Fig. 5 (a), the local field is ef-
fectively enhanced, resulting in a very sharp reson-
ance peak™; secondly, the periodic grating struc-
ture excites resonance and couples with the SSP
structure. The electromagnetic wave forms FP res-
onance in the three-metal bar structure, which is
conducive to generating high Q resonance; finally,
as shown in Fig. 5 (b), the sharp resonant peak has a
reverse parallel current distribution in the adjacent
grooves, which ensures very low radiation loss of
the incident wave and greater current density, form-
ing a higher-order mode resonance and generating a
high Q value.
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The sensing sensitivity of the designed struc-
ture is analyzed by varying the refractive index of
the environment surrounding the metal surface to
simulate different substances. It is assumed that the
refractive index is varied in the interval of 1-
1.5 with a step of 0.1 and the dimensions of the
structure are a=b=60 pm and d=60 pum. Fig. 6 (col-
or online) shows the transmissivity of the grating
coupling meta-surface with different environmental
refractive indexes and the corresponding sensing
sensitivity calculation results. It can be seen from
Fig. 6(a) that the resonant peak in the transmission
spectrum shows a red shift trend when the refract-
ive index of the object to be measured gradually in-
creases. The difference in the positions of the reson-
ance peaks in the transmission spectra correspond-
ing to different refractive indices is used to differen-
tiate the substances for sensing purposes. The sens-
ing performance of the structure is characterized by
the change of resonance position with different re-
fractive indexes, as shown in Fig. 6(b). When the re-
fractive index changes to a certain extent, the great-
er the shift of the resonance position, the more sens-
itive the sensor perceives changes in the external en-
vironment. In the sensing sensitivity analysis, the
formula S=4f/4n can be used to express the shift of
the resonance peak frequency caused by the change

of refractive index per unit of the object to be meas-
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Fig. 5 (a) Electric field distribution of the SSP modes real-
ized by the grating-coupled meta-surface structure.
(b) Electric field and surface current distributions of
the meta-surface structure at resonant frequency.
The black arrows indicate the surface current direc-
tion
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Fig. 6 Changes in transmissivity and the corresponding sensing sensitivity obtained by changing the ambient refractive index

around the grating-coupled meta-surface. (a) Transmission spectra with different refractive indices; (b) the calculated

sensing sensitivity
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5 Conclusion

In this paper, a composite structure based on an
"E"-shaped grating coupled with a meta-surface is
designed to realize terahertz SSP excitation and high
QO sensing. The meta-surface structure takes the
wave vector of the diffracted wave at a specific
angle as the compensation wave vector of the tera-
hertz SSP mode, so that the diffracted electromag-
netic wave vector corresponding to the diffracted

angle matches the wave vector of the SSP mode,

—— 3O R ——

1 3l

e

BT &EMEH-N TR RGN T RIS
TFURBOT (SSP) HA 57 A SV I8+ A8k 1] 43 3 2R
B 30 SRR, TR B | b R o
G AZ Bz KR, I AR 0 BER R A%
JERATT Sk J B M KRG N T e, o TR
SSP #552X, F5 Bl [ F 4 (] H A R R I8 I8 % N 4
B T A Ak 0 0 S ARV L . SR, 3 H 3 =2 (]
TAEE —E MO, 75 2R MR & S5,
WBERE A Z5 A0 LS R A 454 S HET T R
M, DT A KR 2% SSP AR, iR SRR 45 H
HA WK 7 51 B DL A T
A 55500 S ) B, LG RN i S S5 S T i A S5
() T AR Y28, R 5 MUEA = O (Y SSP 45
SRR, bt K2 Tang H H %5 A GE 1ot
it FHHETE SPAT AR S R 454, (A5 A4 K
50 %% U BE W8 1 A3 250 48 1R A 31— AN W2 K )
B, S DAL G R REG U 31 SSP 1 B Wi Al A i K
L

HLA TR P BUR R AR R TR A 2R AR S 5 |
AERE BN 0%, 32 B )72 (1 =010,
55010 SSP A A A AH L, R 1A TR & 2R AN
AT DA S K R F A8 1 i LA R
ZiMiE . 2R SSP A4 J7 B HA BRI
PEM210 2012 4E, Sun Sh L 25 A 6438 T TAF

thus achieving surface plasmon resonance and gen-
erating a high QO resonant peak in the transmission
spectrum with a QO value of 1923. Since the struc-
ture works in transmission mode, its sensing per-
formance can be characterized by varying the re-
fractive index of the surrounding materials. The res-
ults show that the sensitivity is 67 GHz/RIU when
the meta-surface structure is used for sensing. The
proposed grating coupled meta-surface structure
does not require additional couplers when exciting
THz SSP modes, and its high Q resonance can be
widely applied in many fields.
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