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Asymmetric tip design for far infrared metamaterial sensor
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Abstract; This study investigates an asymmetric tip design for a far-infrared metamaterial aimed at enhancing the
Q factor and detection sensitivity. Employing the conventional double-split square ring resonator as a model, we
conducted theoretical simulations to investigate the impact of different tip angles on the electric field distribution,
resonance spectrum, and Q factor. The results show that the asymmetric tip increases the surface electric field of
the resonator, decreases the full width at half maximum (FWHM) of the resonance peak, and increases the Q fac-
tor to over three times that of the conventional split ring. Our findings offer valuable insights for the development
of highly sensitive far-infrared metamaterial sensors. Furthermore, we propose a straightforward and practical op-
timization approach to enhance the Q factor of conventional split ring metamaterials.
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Introduction

Far-infrared rays (FIR) are electromagnetic waves
within the wavelength range of 4-1 000 pm . Given that
most vibration and rotation frequencies of biomolecules
fall within the FIR region, the resonance absorption of
far-infrared waves provides a fingerprint spectrum corre-
sponding to biomolecules. Analyzing the wavenumber
and intensity of these characteristic resonance peaks, the
qualitative identification and quantitative analysis of bio-
logical molecules can be realized”". In addition, the pho-
ton energy of FIR rays is only 107 eV, significantly low-
er than the energy required for molecular ionization* ,
eliminating ionization hazards to the human body and bio-
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[5-6]

logical tissues™™. Therefore, far-infrared technology has

found widespread applications in biomedical detec-
[7-10] [11-12]

[13]

, such as cancer cell detection
[14]

tion , drug recogni-

tion'"', and virus rapid detection

Despite the versatile applications of traditional far-
infrared technology in biomedical detection, it encoun-
ters challenges, particularly in detecting trace biomole-
cules due to insufficient sensitivity. Traditional FIR
spectroscopy exhibits sensitivity in the milligram range,
while the concentration of biomarkers in biological sam-
ples is usually in the microgram range or even the nano-
gram range. Thus, the far-infrared characteristic absorp-
tion peaks of biomarkers are often too weak to be identi-
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fied and quantified accurately”’. To address this limita-

tion, recent advancements in far-infrared biosensors
have used metamaterials to enhance the resonance effect
between molecules and FIR waves''*"”". These metamate-
rial-based biosensors have shown promise in improving
the sensitivity of biomolecular detection**”. Important-
ly, metamaterials are easy to prepare, handle, and se-
lect, making them ideal materials for developing high-
ly sensitive biomedical sensors ™.

In metamaterial biosensors, the quality factor Q (Q
factor) is the critical performance indicator for evaluating
sensor sensitivity”™*. The Q factor closely correlates
with the resonance properties of the resonator, including
surface electrical field and resonant peak. A higher Q
factor represents lower signal loss, improved signal local-
ization, stronger resonance between the signal and the
target analytes, and consequently, higher identification
accuracy of target analytes ™. Various theoretical mecha-
nisms underpin metamaterials, including inductive-ca-
pacitive (L.C) resonance™ , Fano resonance™", electro-
magnetically induced transparency (EIT)"** | and
bound-states in the continuum (BIC) ™). However,
BIC metamaterial often face challenges in achieving the
theoretical high Q resonance during production (need
nanofabrication) ", Metamaterials based on the Fano
resonance and EIT mechanisms typically require com-
plex resonance units and 2D nanomaterials (e. g. , gra-
phene) to improve the Q factor, but these approaches are
impractical for mass production. Metal split-ring resona-
tors based on the LC mechanism currently stand as the
maturest metamaterial sensors and have been found wide-
ly applied in bio-detection. According to literatures ™",
adjustments to gap width and resonant shape (round,
square, etc. ) can modify resonance frequency and other
sensing characteristics. Nevertheless, the impact of gap
shape on the sensing characteristics of the split-ring reso-
nator remains unexplored. In this paper, we take the
double split-ring resonator based on the LC effect as an
example, and analyze and discuss the influence of tip
shape (angle and length) on the resonance properties.
The results show that adjusting the gap shape to a sharp
tip effectively improves the resonance properties, includ-
ing electrical field strength, Q factor, and detection sen-
sitivity. Finally, we propose an asymmetric tip design to
optimize far-infrared metamaterial biosensors.

1 Design and Theory

1.1 Theoretical simulation

Theoretical simulations were performed using the
COMSOL 5. 4 software. The periodical boundary condi-
tions with Floquet were applied in the x- and y-directions
of a basic unit, and the open boundary condition was
used in the z-direction along with the propagation direc-
tion of the incident wave.
1.2 Structural design

A typical metal double split-ring resonator structure
based on the LC mechanism was selected for the asym-
metric tip design. The metamaterial is composed of a
metal double-split ring unit cell array and a substrate lay-

er. lts three-dimensional structure is shown in Fig. 1.
Each resonant ring cell is attached to the substrate, and
the period length of the cell structure is @ = 15 pm. The
substrate material is chosen to be polytetrafluoroethylene
(PTFE) , with a relative permittivity of 3.9, and the
thickness of the substrate is d = 2 mm. The material of
the metal resonator is gold, which is set to be an ideal
electrical conductor in the simulation model. The struc-
tural parameters of the resonator are given as follows:
thickness ¢t = 50 nm, length b = 10 pwm, width w =1 pm,
and gap g, = g, = 1 pm. The asymmetric tip design is car-
ried out as follows: gap g, maintains its square structure,
while gap g, changes its shape from square to tip by ad-
justing its angle (), from 16" to 180°.
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Fig. 1 Structural parameters of asymmetrically tipped split-ring
resonator
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1.3 Theorical analysis
Typical split-ring resonators are inherently asymmet-
ric. This asymmetry results in a potential difference be-
tween their left and right parts along the axis of the elec-
tric field, leading to an oscillating current according to
the LC effect. Each ring resonator forms an LC oscillat-
ing circuit. The split gap represents a capacitance, and
the metal ring can be equivalent to an inductance, as de-
picted in Fig. 2(a). The resonance frequency (w,.) can
be calculated according to Equation (1) :
1
o = (1C) = = S
VL eofe(v) E(v)dv

0

Where L is the inductance, C is the capacitance, &, is di-
electric constant of vacuum, E(v) is the electric field
strength at the gap, and &(v) is the dielectric constant at
different electric field strengths. The inductance (L) and
capacitance (C) are affected by the geometrical parame-
ters of the ring resonator*”. Altering the gap shape modi-
fies the effective cross-section of the metal ring axis,
causing changes in the capacitance (C).

Herein, a double-split square ring is used to study
the influence of gap shape on the resonance properties.
Fig. 2(b) shows the relationship between the tip length
and tip angle of the gap g,. Due to structural limitations,
16° is the minimum achievable tip angle. As the tip an-
gle gradually decreases, the tip length increases, with an
accelerating rate. Based on the LC effect (Fig. 2(a)),
the gaps g, and g, are equivalent to capacitance C, and
C,, respectively, while the metal rings are equivalent to
inductance L, and L,, respectively. Notably, the asym-
metric tip design has a negligible impact on the equiva-
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lent inductance L, and L,, but it does influence the equiv-
alent capacitance C,. This will lead to changes in the res-
onant peak (Equation (1) ). Changes in the resonant
peak include the resonance wavenumber kyy and the full
width at half maximum X,y,y, closely associated with the
Q factor of split-ring resonators. The Q factor, determin-
ing the sensing sensitivity of metamaterials, is defined by
Equation (2):
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Fig. 2 Schematic of asymmetric tip design for far-IR metamate-
rial: (a) Schematic of equivalent capacitance and inductance ef-
fect; (b) Relationship between the tip length, tip area and the tip
angle.
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2 Results and Discussions

2.1 Effect of asymmetric tip angle on the surface
electric field

Firstly, we investigated the impact of an asymmetric
tip on the surface electric field distribution of double
split-ring resonators through theoretical simulation. The
tip angles of the gap g, are classified into three catego-
ries: obtuse angles (180°, 150°, 120°), approximate
right angles (105°, 90°, 75°), and acute angles (60°,
30°, 16°). Fig. 3 demonstrates that the electric field of
the resonator consistently concentrates at the gap, espe-
cially at the edge of the metal ring, regardless of whether
the shape of the gap is regular (180" ) or sharp (not
180°). For resonators with the asymmetric tip, as shown
in Fig. 3(b-i), the electric field strength at the gap g,
(sharp tip, not 180°) is always higher than those at the
g, gap (regular sharp, 180° ). Furthermore, we found
that when the tip angle approaches a right angle, the
electric field strength of the resonator is slightly higher
than that of resonators with acute or obtuse angles. Ac-
cording to the literature' ™', changes in the electric field
distribution are closely linked to the geometric parame-
ters of resonators. As the tip angle decreases from 180°
to 90° , there is a slight increase in tip length (Fig. 2
(b) ), resulting in a more concentrated local electric
field. However, further reducing the tip angle to 16°
leads to a rapid change in tip length (Fig. 2(b)), caus-
ing field diffusion at the edges of the tip and a decrease
in electric field strength.

These results indicate that the asymmetric tip design

does not change the theoretical mechanisms of the split-
ring resonator, but it amplifies the electric field
strength. This is because it alters the shape of the metal
layer, which directly affects the behavior of free elec-
trons in the metal. As a result, under resonance condi-
tions, this shape change facilitates easier excitation of
free electrons by incident light and enhances the local
electric field.

2.2 Effect of asymmetric tip angle on the reso-
nance peak

Then, we studied the impact of an asymmetric tip
on the resonance absorption peaks of double split-ring
metamaterials. The far-infrared resonance spectra, ob-
tained through theoretical simulations, as shown in Fig.
4. Curve (12) depicts the resonance peak of the untip-
ped metamaterial (6=180" ) , with a far-infrared reso-
nance wavenumber of 259.74 c¢m”. Curves (1)-(11)
represent the resonance peaks of the metamaterial with
different tip angles at the gap g,, ranging from 261 to 273
cm”. Compared to the untipped structure, the resonance
wavenumber of the asymmetric tip structure exhibits a
blue shift. Additionally, the resonance wavenumber in-
creases as the tip angle decreases. Notably, the rate of
increase in resonance wavenumber is uneven despite a
uniform decrease in the tip angle, aligning with the
change in tip length depicted in Fig. 2(b). This illus-
trates that the resonance wavenumber change is primarily
affected by the tip length of the split-ring metamaterial.
Compared with the untipped structure, the asymmetric
tip structure exhibits a blue shift in resonance wavenum-
ber. Notably, this increase is observed unevenly, de-
spite a uniform decrease in the tip angle. This trend
aligns closely with the variation in tip length and tip area
depicted in Fig. 2(b). This can be attributed to the grad-
ual reduction of the tip angle, resulting in a decrease in
the effective cross-sectional area at both ends of gap g,.
As a consequence, the equivalent capacitance at gap g,
diminishes gradually. According to Equation (1), this
reduction in equivalent capacitance causes an increase in
the resonant frequency. This phenomenon emphasizes
that the change in resonance wavenumber is primarily in-
fluenced by the asymmetric tip design of the split-ring
metamaterial.

Fig. 5(a) illustrates the changes in the FWHM of
the resonance peak for materials at different tip angles.
Fig. 5 (b) shows the relationship between the FWHM
and the tip angle (6). The FWHM decreases gradually
from 16° to 90°, enlarges from 90° to 150°, and experi-
ences a slight decrease as the tip angle approaches untip-
ped (165°-180°). The FWHM reaches its minimum at a
90" tip angle (1.522 ¢cm”). In addition, the FWHM is
nearly flat when the tip angles are complementary to each
other (e. g., 30° vs. 150°, 45" vs. 135", 60° vs.
120°, and 75° vs. 105°). These changes in FWHM can
be represented by a sine function: FWHM=4. 7+3. 3sin
(m (6+6.1)/61.4) , with a fitting coefficient of 0. 89.
This observed phenomenon likely correlates with the dis-
tribution of the electric field on the metasurface. As the
tip angle gradually decreases from 180°to 90°, the local
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Fig. 3 Surface electric field distribution of far-IR metamaterial: (a) untipped structure; (b-i) asymmetric tip structure. The tip angle is
(b)150°; (¢)120°; (d) 105°; (e) 90°; (f) 75°; (g) 60°; (h) 30°, and (i) 16°, respectively
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Fig. 4 Resonance wavenumber under different asymmetric tip
angles (normalized resonant peaks separated in the vertical axis)
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electric field concentrates (Fig. 2 (a-e) ). The height-
ened concentration enables the metamaterial to more effi-
ciently respond to specific frequencies of electromagnetic
waves, resulting in sharper resonance peaks. Further re-
duction in the tip angle to 16° induces diffusion of the lo-
cal electric field at the edges of the tip due to increased
tip length (Fig. 2 (f-i) ), resulting in wider resonance

peaks and an increase in FWHM. Based on these re-
sults, it is clear that adjusting the tip angle of the gap g,
between 60° and 120° effectively reduces the FWHM of
resonance peaks. This reduction in FWHM will help im-
prove the identification accuracy of the peak shifts in fu-
ture sensing applications.
2.3 Effect of asymmetric tip angle on Q factor and
sensing sensitivity

The relationship between the () factor and the tip an-
gle (0) is depicted in Fig. 6. When the tip angle is un-
tipped (180° or 0°), the Q factor of the double split-ring
resonator is 51.59. However, as the tip angle increases
from 16° to 165°, the Q factor goes through an increase,
followed by a decrease, and then a slight increase. Nota-
bly, when the tip angle is 90°, the Q factor reaches its
maximum at 173.52, which is three times greater than
the Q factor of the untipped structure. This result sug-
gests that the asymmetric tip design significantly enhanc-
es the Q factor of a double split-ring resonator, with opti-
mal performance achieved at a 90° angle. The changes in
the Q factor can be represented by a sine function: y=
76. 0+55. 2sin (w (0-57.5)/63. 1) , with a fitting coeffi-
cient of 0. 83. According to Equation (2), the Q factor
exhibits a direct proportionality to the resonance frequen-
cy and an inverse proportionality to the FWHM. As the
tip angle decreases, there is a reduction in the effective
cross-sectional area of the metal tip, leading to an in-
crease in the effective capacitance C,. This, in turn, re-
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sults in a monotonous increase in the resonance frequen-
cy. Simultaneously, alterations in the electric field distri-
bution cause the FWHM to initially decrease, followed
by an increase. Ultimately, the relationship between the
Q factor and the tip angle demonstrates non-monotonic
behavior, characterized by an initial increase followed by
a subsequent decrease.

200
V=76.0+55.2sin(n(6-57.5)/63.1)
180F rogg3
160 F Sine Fit of Q
140l [ Untipped Q
[0 Tipped Q

0
16 30 45 60 75 90 105120135150 165 180
1)

Fig. 6 Q factors of the double split-ring resonators under differ-
ent asymmetric tip angles.
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To investigate the impact of asymmetric tip struc-
tures on the sensing sensitivity of metamaterials, we con-
structed a series of simulation experiments on untipped
and tipped metamaterials (with a 90” angle). A sample
layer was constructed on the surface of the metamaterial
(Fig. 7(a)). The sample thickness (T) represents the
amount of the target analyte. The dielectric constant (n)
of the sample layer is fixed at 2. 0 and 3. 6, respectively,
since the refractive indices of the majority of biomole-
cules fall within this range. Fig. 7(b-c) illustrate the re-
lationships between the resonance peak of metamaterials
and the thickness of the sample layer. The results indi-
cate that, as the sample thickness increases, the reso-
nant frequencies of the metamaterials exhibit a consistent
redshift, and the frequency shift ultimately reaches a sat-
uration value. It is noteworthy that when the sample
thickness is small, the frequency shift of the tipped meta-

material is larger than that of the untipped metamaterial.
Conversely, when the sample thickness is large, the fre-
quency shift saturation of the tipped metamaterial is no-
ticeably greater than that of the untipped metamaterial.
These phenomena are more pronounced in low-index sam-
ples (n=2.0) compared to high-index samples (n=3.6).
These observations suggest that the asymmetric tip struc-
ture exhibits higher sensitivity in detecting low-concentra-
tion biological samples, and this improvement closely de-
pends on the dielectric constant of the sample.

3 Conclusions

This study focuses on the impact of asymmetric tip
design on the resonance properties of typical double-split
metal square ring, in the far-infrared region. The elec-
tric field distribution, resonance frequency, FWHM of
the resonance peak, () factor, and sensing sensitivity are
all analyzed. The results indicate that asymmetric tip de-
sign enhances the electric field strength at the gap. As
tip angle increases, the resonance frequency exhibits a
redshift, the FWHM firstly decreases and then increas-
es, while the Q factor firstly increases and then decreas-
es. Notably, at a 90° angle, the Q factor reaches a maxi-
mum of 173. 52—over three times higher than the untip-
ped resonator with identical structural parameters. This
work proposes an asymmetric tip design that significantly
enhances the Q factor and sensing sensitivity. This strate-
gy can be extended to various metal split-ring resonator
structures.
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