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ABSTRACT To overcome the effect of analyte thickness and limitation of single wavelength sensing,
we propose an ultra-sensitive stereo metamaterial biosensor with double resonance frequencies based on
coupling electric resonance and magnetic resonance. The electromagnetic analysis demonstrates that the
double resonance coupling, induced by the stereo double-layer structure, can significantly improve sensitive
biosensing at the terahertz frequency. The results show that by changing the size of the structure, each
resonance frequency can be independently tuned in the range of 0.5-1.8 THz and the maximum refractive
index sensitivity is 930.4 GHz/RIU. These results have significant implications for the detection of samples
with different frequency points. The proposed ultra-sensitive stereo metamaterial structure has excellent
potential for application in biomolecule detection and differentiation.

INDEX TERMS Magnetic resonance, electric resonance, sensitivity, terahertz metamaterial sensing.

I. INTRODUCTION
Among various optical sensing methods, terahertz (THz)
spectroscopy (0.1–10 THz) is considered as one of the most
promising tools for biological sensing, since the finger-
print vibrational frequency of most chemical and biological
molecules (protein, RNA, and DNA) lies in this spectral
region [1]–[3]. Moreover, terahertz frequency has many
unique advantages in biological detection. The energy of THz
photons is low, thus minimizing the damage to biological
substances [3], [4]. Therefore, terahertz spectroscopy enables
non-contact, non-destructive and unlabeled optical sensing
for the study of chemical samples and small biomolecules.
However, it is hard to be processed by electronic technology
because the terahertz frequency is too high, while its photon
energy is too low [1], which causes terahertz biosensing
to have limitations in detecting trace biochemicals. There-
fore, metamaterials have been developed that significantly
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increase the intensity of the interaction between the analyte
and the incident THz wave, thus allowing for higher sensitiv-
ity and SNR values [2]–[4]. This is because the introduction
of metamaterial resonance causes a significant increase in
induced current and magnetic moment [5]. Since the intro-
duction of metamaterials, after years of vigorous develop-
ment, a large number of theoretical and modelling results
have been proposed [6]–[14]. At present, the application of
metamaterials is very extensive, and the technology com-
bined with microfluidics has been applied to the detection of
biomolecules [2], [10], [15], [16].

These promising sensing tasks are typically achieved by
measuring the difference in the resonance response of the
metamaterial [17]–[20].When the analysis sample is overlaid
on top of the metamaterial, the altered resonance response
is converted into a significant change in the transmitted or
reflected signal in the response spectrum, then these changes
can be detected directly [18], [21]. This is an effective
method for determining the nature of an analytical sam-
ple [17], [22]. In order to achieve this principle, many
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terahertz metamaterial biosensors with biodetection capabil-
ities have been proposed. The original metamaterials were
designed as planar structures that are easy to fabricate. The
split ring resonator (SRR) is one of the original designs
of strong artificial electromagnetic materials in which each
SRR consists of two concentric open loops with opposite
openings [23]. This requires a higher sensitivity of the sensor
as the samples being detected become more and more micro-
scopic. In order to improve sensitivity or quality factor, many
planar structures have been proposed, and some studies have
introduced Fano resonance or more complex planar struc-
tures [24]–[29]. However, the study of these metamaterial
structures is limited by planar structures, which can only
introduce electrical or electrical responses. This can increase
the dielectric loss and thus decrease its sensing potential.
Since the magnetic response caused by the magnetic exci-
tation is very weak or hardly present, the performance of
the planar structure cannot be greatly improved. In addition,
when the analyte thickness reduces to a few nanometers,
the shift in the resonance frequency becomes too small to be
detected due to the reduced strength of light-matter interac-
tion. To make effective use of the sensing capability of meta-
material sensors at terahertz frequencies, a large thickness of
the analyte is generally desired. However, this can cause the
amplitude of the resonance to become very weak, making it
difficult to be detected in a noisy environment. To address this
problem, the three-dimensional structure came into being.
The three-dimensional structure that lifts the split ring from
the substrate can greatly reduce the dielectric loss introduced
by the substrate, and the three-dimensional structure produces
a strong fundamental resonance excited by a pure magnetic
field [18]. The performance of this structure is much higher
than that of a planar SRR sensor. In recent years, vertical
SRR (VSRR) structure has been proposed and analyzed, and
many research teams have made various major breakthroughs
in the study of vertical structures [18], [24], [30]–[34]. How-
ever, most of these three-dimensional structures have only
one transmission dip, which may limit the application of
sensors in miniaturized and multi-functional optical devices.
Recent studies show that multiband sensors are essential for
frequency selective detection with reduced environmental
disturbance and enhanced detection accuracy [33]. Hence,
the three-dimensional THz metamaterial biosensors with
multiple resonancemodes are in critical need of development.

In this study, we present an ultra-high sensitivity stereo
dual-split ring resonator (SDSRR) metamaterial biosensor
with two transmission dips (resonance frequencies), where
each dip can be independently tuned at 0.5-1.8 THz. This
plays an important role in solving the practical problems of
microscopic thick samples with different frequency points.
In particular, the structure after the planar structure is lifted
from the substrate not only introduces magnetic excitation,
but also couples the electric resonance by the split ring on
the substrate. Hence, the sensitivity of the sensor is greatly
improved. This is the main reason why the SDSRR sensor
has much higher sensitivity than the VSRR structures.

FIGURE 1. (a). Schematic diagram of the arrayed SDSRRs on polyimide
substrate. (b). Typical dimensions of samples for unit cell of SRRs: l =
50µm, w = 12µm, g = 2µm, t = 1.5µm, h = 33µm. (c). The transmission
and reflection spectra of SDSRR.

II. GEOMETRIC STRUCTURE AND METHOD
Figure 1 illustrates the structure of the SDSRR biosensor, and
the amplified view of a single unit cell used in the simulation.
The incident electromagnetic wave is perpendicularly irradi-
ated on the upper surface of the metamaterial structure along
the z-axis of the coordinate system, as shown in the inset of
Figure 1(a). The E field is perpendicular to the gap of the
SRR array along the x-axis and the H field passes through
the SDSRR vertically. The period of the square unit cell used
for the simulation is s= 70µm, as shown in Figure 1(b). The
metal structure ismade of aluminum,which is built on top of a
polyimide substrate, and the numerically calculated substrate
thickness is d = 40µm. This structure has two slots on the
top and bottom metal plates, and the width of the two slots is
equal to g = 2µm, and the middle metal plate has no slots.
The length and width of the three metal plates (top, middle
and bottom) are l = 50µm and w = 12µm, respectively, and
the thickness of the three metal plates is t= 1.5µm. The three
metal plates are equally spaced by two metal cylinders with
a height of h = 33µm and a diameter of D = 12µm. The
numerical calculations are performed using the frequency
domain solver of the commercial EM wave solver CST
Microwave Studio (software version is 2014). As seen from
the transmission spectrum of the SDSRR, the structure has
two transmission dips (resonance frequencies) at 0.990 THz
and 1.632 THz, respectively, as shown in Figure 1(c).
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Considering the complexity of manufacturing SDSRR
structures, according to the effective medium theory,
the S-parameter inversion method [35]–[39] can be used
to characterize the equivalent refractive index of the arti-
ficial structure. At a given frequency, any material that
supports only one propagating mode will generally exhibit
a well-defined refractive index n, whether the material is
continuous or not. However, as the reflection is strong at
given frequencies, the impedance matched condition is not
satisfied. It means that the impedance z, which is calcu-
lated based on S-parameter retrieval methods, is ambigu-
ous, and it is not possible to assign intrinsic values for ε
and µ [38], [39]. Furthermore, metal metamaterial structure
is not good for transparency and the loss of conductive com-
ponents needs to be considered [40]. From Figure 1(c), it can
be found that reflectivity and transmittance do not add up to
1 at resonance frequencies due to the loss. The loss can be
observed through the imaginary part of the effective refractive
index Im(n). Here, the refractive index n can be expressed
as [35], [36], [39]:

n =
1
kh

cos−1
[

1
2S21

(1− S211 + S
2
21)+ 2πm

]
,

m = 0,±1,±2, · · · (1)

FIGURE 2. Retrieval effective refractive index n.

The effective refractive index n of SDSRR is shown
in Figure 2. At 0.990 THz and 1.632 THz, the imaginary part
of refractive index Im(n) reaches the maximum, which means
there is maximum loss. Obviously, the corresponding equiv-
alent refractive index model based on S-parameter inversion
method is found to be in good agreement with transmission
dips based on CST software at 0.990 THz and 1.632 THz.

It is well known that when the electric field (E) is parallel
to the side containing the SRR gap or when the magnetic
field (H) has a component perpendicular to the plane of the
ring, the incident electromagnetic radiation can be resonantly
coupled to the LC resonance of the SRR by an electric or
magnetic field [41]. Therefore, the structure proposed by us
can be simply equivalent to the LC circuit diagram. Here,
the upper and lower gaps in the structure can be equivalent

FIGURE 3. (a) Equivalent circuit diagram of SDSRR unit;
(b) The transmission spectra of lower ring and upper ring.

to capacitance, and other parts of the metal structure can be
equivalent to inductance, as shown in Figure 3(a). According
to the equivalent circuit model, Equation (2) is a widely
accepted method for qualitatively describing the position of
the LC resonance [42]:

ωLC ∝
1
√
LC

(2)

Compared with previous work [18], the metal slab is added
between the top gap (Tgap) and bottom gap (Bgap) in our
structure. As a result, the equivalent circuit is changed. This
kind of structure forms two loops, as shown in Figure 3(a).
Each loop has its own LC resonance. This is the reason that
there are two transmission dips in the transmission spectra.
In this case, the SDSRR structure is approximately equiva-
lent to stacking the upper and lower single rings. As shown
in Figure 3(b), when there is only the lower single ring, there
is a transmission curve at low frequencies, and when there
is only the upper single ring, a transmission curve appears
at high frequencies. Therefore, the resonance frequencies of
upper and lower single rings can be expressed by Equation (3)
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through the equivalent circuit model:

fi =
1

2π
√
LiCi

(3)

where i is 1 or 2 represents the resonance frequency of the
lower single ring or the upper single ring, respectively.

The numerically calculated SDSRR transmission spectrum
is shown in Figure 3(b). Two transmission dips (resonance
frequencies) are located at 0.990 THz and 1.632 THz, respec-
tively. However, the transmission dips of the upper and lower
single ring are 1.032 THz and 1.445 THz, respectively (in
the Supplementary documentation, the effective refractive
index n of the upper and lower single ring are calculated based
on S-parameter retrieval methods). Obviously, the transmis-
sion dips of single rings do not overlap with that of SDSRR
here. This is due to the coupling effect of the superposition
of the double rings, which causes the transmission dips of the
single ring and the double rings to shift slightly. Compared to
the resonance frequencies of the lower and upper single ring,
the resonance frequency of SDSRR has a slight red shift at
low resonance frequency, while the resonance frequency of
SDSRR has a slight blue shift at high resonance frequency.
The reason is that not only does more plasmon field permeate
into the substrate in the case, which increases the dielectric
loss, but also a part of the photon energy from the lower
ring is coupled into that of the upper ring due to the metal
slab between the top Tgap and Bgap in SDSRR structure.
Thus, lower ring photon energy of SDSRR is smaller than
that of lower single ring, as shown in Figure 4a and 4c.
As is known, the decrease in photon energy leads to the red
shift. Therefore, there is a slight red shift at low resonance
frequency. In contrast, the photon energy of the upper ring is
enhanced at high resonance frequency. From Figure 4b and
4d, it can be found that a part of the photon energy from
the lower ring is coupled into that of the upper ring in the
same way. Therefore, upper ring photon energy of SDSRR is
more than that of upper single ring, leading to a slight blue
shift at high resonance frequency. Thus, we can introduce a
coupling coefficient ki, to express the frequency of the two
transmission dips after coupling, respectively:

f ′1 = f1 + k1 ∗ f2
f ′2 = f2 + k2 ∗ f1 (4)

In Equation (4), k1 represents the attenuation coefficient
of the upper ring to the lower ring, and k2 represents the
enhancement coefficient of the lower ring to the upper ring.
As the surrounding medium of the upper ring is air and the
lower ring contacts the substrate, k1 is not equal to k2.
To better explore the coupling resonant mechanism of

SDSRR, current distributions of the double rings are com-
pared with that of the single ring, as shown in Figure 4e-h.
It can be seen from the figure that whether in the single ring
or in the double rings, the current is mainly concentrated on
the lower ring close to the base at the low resonance fre-
quency. Correspondingly, most of the current is concentrated
on the upper ring at the high resonance frequency. Therefore,

FIGURE 4. (a), (b), (e), (f), (i), (j) are the electric energy density, surface
current and magnetic energy density of SDSRR at two resonance points,
respectively. (c), (d), (g), (h) are the electric energy density and surface
current of the single lower ring and single upper ring, respectively.

the trend of current distributions of the single lower ring and
the single upper ring is similar to that of low and high reso-
nance frequency at the double ring structure. This further ver-
ifies that the lower ring and the upper ring of the double ring
unit are approximately equivalent to stacking the upper and
lower rings. Also, the strength of the lower ring is much lower
than the strength of the upper ring, as shown in Figure 4e-g.
This is because, in our design, it is considered that placing the
upper ring on the upper portion can reduce plasma penetration
into the substrate and reduce the dielectric loss caused by
the substrate. At the same time, a part of the energy from
the lower ring is also coupled into that of the upper ring.
It further confirms our previous analysis. It is well known
that the LC resonance of the SRR can be activated through
either an electric-coupling-induced capacitance response or
a magnetic-coupling-induced inductance response [43]. The
bianisotropy in the lower and upper single rings is introduced
due to their asymmetric structures [44]. It is well estab-
lished that the SRR is intrinsically bianisotropic owing to the
absence of inversion symmetry in the structural plane [45].
As displayed in the insets of Figure 3b, symmetry breaking
occurs in the lower and upper single ring structures along the
incidence direction of the EM wave, which introduces the
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bianisotropy. When the EM wave is polarized as indicated
in Figure 1a, both the electric and magnetic field components
can excite the LC resonance in the lower single ring, upper
single ring and SDSRR structures, which introduces a strong
bianisotropy effect. Especially for the SDSRR, the magnetic
field plays a predominantly important role in high resonance
frequency, but electric excitation can also work at low res-
onance frequency due to coupling effect of the metal slab
between the Tgap and Bgap (a circular magnetic current
will appear which excites the electric resonance at Bgap),
as shown in Figure 4i and 4j. In this case, the resonance
caused by the lower ring is electric resonance. Correspond-
ingly, the resonance caused by the upper ring is magnetic
resonance. Therefore, these two resonant frequencies can not
only be separately adjusted by different gaps of the upper and
lower rings, respectively, but can also render good sensing
performance. Compared with other VSRR, SDSRR has a
unique coupling characteristic.

III. RESULTS AND DISCUSSION
A. TUNABLE
Considering the influence of the geometric structure,
the transmission spectrum changes caused by the upper and
lower gaps are discussed here. The simulation calculation
when the position of the lower gap is constant and the size
of the upper gap changes gradually is shown in Figure 5(a).
At this time, the low-frequency dip does not move signifi-
cantly in the transmission spectrum, while the high-frequency
dip shows a significant blue shift. From formulas (2) and (3),
it can be seen that when the upper gap gradually increases
and the capacitance gradually decreases, that is, f2 gradually
increases, and f1 is basically unchanged. Therefore, f ′2 gradu-
ally increases. As f ′1 is the attenuation factor under the effect
of k1, it is basically unchanged. On the contrary, the simula-
tion calculation when the position of the upper gap is constant
and the size of the lower gap changes gradually is shown in
Figure 5(b). The low-frequency dip shows a clear blue shift
in the transmission spectrum, while the high-frequency dip
also has a relatively weak blue shift. Similarly, according to
formulas (3) and (4), when the lower gap gradually increases,
the capacitance gradually decreases. That is, f1 gradually
increases, and as a result, f ′1 gradually increases. Moreover, f2
basically does not change, but f ′2 slightly increases due to the
effect of enhancement coefficient k2. Therefore, the proposed
SDSRR structure has good adjustability. By changing the
size of the gap in the structure, it can move freely in the
range of 1.4-1.8 THz, and the transmission rate exceeds 90%.
This further proves that by adjusting the size parameters of
the upper and lower metal rings of the double ring unit, the
two resonance frequency points of the unit can be adjusted
separately.

B. INCIDENT ANGLE
Figure 6 shows the change in the LC resonance transmission
spectrum of SDSRR under TEM illumination. Here, the angle

FIGURE 5. The simulated results with different gaps: Transmission
spectrum of the size change of the top (a), and bottom gap on the
structure(b), respectively.

of incidence increases from 0◦ to 50◦, and the step angle of
the incident angle scan used in the simulation is 10◦. This
figure shows that the spectral characteristics can remain near
the resonance position relative to a wide range of incident
angles, even up to 50◦. As the angle of incidence increases,
the transmission curve shows a slight red shift. Through the
simulation calculation, it is found that the sensitivity is barely
affected by the change in incident angle, indicating that the
sensor is not sensitive to the incident angle.

C. SENSITIVITY ASSESSMENT
In order to demonstrate the sensitivity of SDSRR sensor to
refractive index, we established the corresponding simula-
tion models and evaluated the performance of SDSRR-based
metamaterial sensors. The geometrical parameters of SDSRR
sensor are shown in Figure 1. As mentioned earlier, lifting the
metamaterial off the plate can introduce stronger resonances,
which can be used to detect thicker analytes. First, the relation
between the thickness of analytes and shift of resonance
frequency is discussed. It is assumed that the refractive index
n of the analyte is 1.6, and the transmission spectrum with
different thicknesses is shown in Figure 7(a). Its displacement
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FIGURE 6. The simulated results with different incident angles:
Transmission spectral comparison for incidence radiation with increasing
incidence angles with a step of 10◦.

FIGURE 7. The simulated results with different thickness of analytes m:
(a) The transmission spectra of the SDSRR with and without analyte
overlaid on the sensor. (b)The fitting function using the data of two dips.

relative to the resonance frequency point without analyte is
plotted in Figure 7 (b). It can be seen from this figure that
when the thickness of the analyte is consistent with the height

of the lower ring, the frequency change caused by the lower
ring is greater than that of the upper ring, which is also
consistent with our previous theory. Only when the thickness
of the analyte is higher than that of the sensor, that is, when
the analyte is 35µm, the larger frequency shift of dip 2 can
be clearly seen, as shown by the red dash line in Figure 7 (a),
and the blue line in Figure 7 (b). When the analyte is higher
than the sensor, it can be seen the shift of dip1 is also slightly
enhanced due to the coupling effect of the upper ring and
the lower ring from formula (3). When the thickness exceeds
50µm, the shift of two dips tends to be stable. After the above
discussion, it is assumed that the thickness of the analyte
added to the sensor is 50µm, and the refractive index of the
environment can be changed. When the refractive index of
the environment changes slightly, the transmission spectrum
of the sensor changes drastically, as shown in Figure 8.

FIGURE 8. The simulated results which could guide the design of the
structure of THz metamaterials biosensor chip. (a). Transmission spectra
of SDSRR at different refractive indices; upper and lower gaps are 2µm.
(b). The sensitivity of SDSRRs for Dip 1 and Dip 2.

For refractive index sensing, the simulation is performed
from n = 1.20-1.30, and the refractive index change step
is 0.02. As shown in Figure 8(a), the minimum frequency
position of the transmission spectrum shows a red shift as the
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TABLE 1. Performance comparison reported in various THz metamaterial
sensors.

refractive index increases. The fitting curve of the refractive
index sensing is shown in Figure 8(b). It is observed that the
fitted curve is not a straight line, which is a common case that
has been proven. However, the value of the red shift for two
dips is different. A large red shift occurs at higher frequencies.
As mentioned above, the reason is that the lower ring unit
introduces considerable power loss due to the presence of the
substrate. Meanwhile, some of the energy from the lower ring
can be coupled into that of the upper ring, resulting in a higher
red shift of the high frequency [46].

In order to obtain in-depth insight into the mechanism
leading to this superior sensitivity, three important factors
were considered that are indicative of the sensor performance,
namely, the refractive index sensitivity S, the figure of merit
(FoM), and the Q-factor. The term S is defined as the change
in the LSPR wavelength (1λLSPR) per unit refractive index
(RIU), as shown in Eq. 5. The FoM is defined as the ratio
between the S and the full width at half maximum (FWHM)
centered at the resonance wavelength, as shown in Eq. 6.Q is
defined as the ratio between the λ and FWHM centered at the
resonance wavelength, as shown in Eq. 7.

S = 1λLSPR
/
1n (5)

FoM = S
/
FWHM (6)

Q = λ
/
FWHM (7)

As shown in Figure 8(b), the highest sensitivity of the
SDSRR structure is calculated to be 930.4 GHz/RIU, and
the refractive index of the surrounding medium varies from
1.0 to 1.3. This result exceeds the performance of similar
reported metamaterial sensors based on the same waveband,
as shown in Table 1. All these data show that in THz sensing
applications, the sensitivity of SDSRR is significantly better
than other planar structures (maximum sensitivity around
300 GHz/RIU) and other vertical structures (maximum sen-
sitivity around 800 GHz/RIU). Small biomolecules with
thickness up to 50 µm, such as fungal bacteria, or some
biomacromolecules such as DNA or proteins have refrac-
tive indices in the range of 1.1-1.6. Therefore, highly sen-
sitive detection and discrimination of biomolecules can be
achieved. Even when the change in refractive index is only
0.01, it can be accurately detected.

IV. CONCLUSION
This paper proposes a dual-band stereo metamaterial sensor
based on coupling electrical resonance and magnetic reso-
nance. This design, which introduces stronger resonances,
can not only greatly improve the sensitivity for a wide inci-
dence angle up to 50◦, but can also independently tune each
dip by changing the size of the structure within a smaller
range. In particular, due to strong resonance, the SDSRR
sensor can still maintain its excellent sensing feature when
the analyte thickness reaches 50 µm. For these reasons,
the SDSRR sensor performs much better than other verti-
cal metamaterial sensors. Although the vertical SRR struc-
tures had been analyzed, fabricated, and presented by several
groups [50]–[56], the complexity of vertical metamaterial
structure and our limited processing conditions lead to a
lack of test results. An assumption for SDSRR structure pro-
cessing is introduced in the Supplementary documentation,
but future studies will need to verify this processing. Even
so, this sensor design methodology has practical guidance
implications and broad application prospects in biomolecule
detection and discrimination.
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