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Terahertz microfluidic biosensor based on
metamaterial absorber
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Terahertz living cell analysis is a hot spot in the field of spectral research, and its main difficulty lies in how to effectively avoid
the interference of water and carry out sensitive analysis and detection of samples in liquid phase environment. In order to
reduce the strong absorption of terahertz by water when testing solution samples, and improve the sensitivity of the sensor.
In this paper, a terahertz microfluidic biosensor based on metamaterial absorber is designed. The sensor chip integrates
metamaterial absorber and microfluidic channel. There are two perfect absorption peaks in 0.69 THz and 0.95 THz in THz
band, and the refractive index sensitivity can reach 305 GHz/RIU. The experimental results show that the proposed
dual-band terahertz sensors are insensitive to polarization and wide incident angle. In addition, when the samples with
different refractive index pass through the microfluidic channel, the high and low resonance peaks show different red shifts,
and then the material detection is realized by analyzing the red shift difference between the high and low resonance peaks of
different substances. Therefore, the metamaterial terahertz microfluidic biosensor has a good application potential in the field

of unlabeled trace matter detection, and can provide new ideas for terahertz biomedical research.
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1. Introduction

In recent years, spectral technology is considered to
be one of the most important methods in the field of
biomolecule sensing, and the use of spectroscopy to
achieve rapid, label-free and sensitive detection of
biological macromolecules has been widely studied. The
unique advantages of terahertz (THz) spectroscopy in the
field of biomedical sensing have attracted the attention of
many researchers [1]. Metamaterial terahertz biosensor is a
sensitive unlabeled optical sensor by transforming the
change of dielectric constant of the test sample into optical
signal. As a new detection method in biomedical field,
metamaterial terahertz sensor has many unique advantages,
such as (1) high sensitivity; (2) trace substance; (3) fast
response and rapid detection; (4) simple operation flow. In
recent years, with the development of micro-nano
processing technology, the cost of making metamaterial
terahertz sensors is more acceptable. At the same time, the
metamaterial terahertz sensor has become a research
hotspot in the terahertz field because of its excellent
performance. at present, it has been used in the
quantification of macromolecular compounds [2-4], cell
viability evaluation [5], virus recognition [6] and so on.
Because of the strong absorption of water in the THz
domain, the above studies are measured indirectly by
deposition method, but most biological samples can
maintain biological activity only in liquid environment, so

this method cannot accurately characterize the information
of biological samples. Microfluidic chip can be used in
terahertz field to overcome the absorption of water
because of its low cost, limited sample size and rapid
detection [7]. At present, in the THz band, there have been
studies on the use of microfluidic chips to sense high
absorption solution [8-9], but due to the lack of measures
to improve the sensitivity, its sensitivity is still limited.
Microfluidic technology can realize the detection of
micron or even nanometer substance, which has been
widely used in the field of sensing [10-11]. The
combination of metamaterial absorber and microfluidic
technology can provide a new idea for the design of
terahertz sensor. When the electromagnetic wave is
incident, the Fabry-Perot structure of the metamaterial
absorber binds the energy of the incident wave in the
cavity of the absorber [12], and the substance in the
Microfluidic channel is used as the dielectric layer of the
metamaterial absorber, which coincides with the reflection
cavity, which significantly enhances the local
electromagnetic field and effectively improves the
sensitivity of the sensor. In addition, the Microfluidic
channel controls the solution volume to the order of
micron, which effectively reduces the absorption of
terahertz wave by water, which is helpful to realize the
highly sensitive detection of solution samples. Terahertz
sensors integrated with metamaterial absorbers and
microfluidic have great potential in glucose detection [13],
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cancer diagnosis [14], biomedicine [15] and so on.

Based on this, a high sensitivity terahertz microfluidic
biosensor based on metamaterial absorber is designed by
combining microfluidic technology. The sensor can
produce two perfect absorption peaks with an absorptivity
of 99% in the 0.2-1.5 THz band, with a sensitivity of 305
GHz/RIU and a Q value of 43.9. In addition, because the
unit structure of terahertz microfluidic biosensor is
symmetrical, it is insensitive to polarization and wide
incident angle, and can maintain good sensing
performance in a wide range.

2. Structural design

Fig. 1(a) shows the unit structure of the terahertz
microfluidic biosensor with a metamaterial absorber. The
sensor is composed of five layers, which are dielectric
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layer, metal microstructure, microfluidic channel, metal
reflector and substrate from top to bottom. Among them,
the dielectric layer is made of quartz with a dielectric
constant of 3.75+i0.015 and a thickness of 4 pm. Both the
metal layer and the metal reflector use gold with a
conductivity of 4.52x107 S/m and a thickness of 0.1 um.
The substrate is selected as the silicon material which will
not affect the performance of the sensor, its dielectric
constant is 11.9 and the thickness is 50 pm. The unit
structure period 11=120 pm. The microfluidic channel is
located between the metal reflector and the metal
microstructure with a height of h3 = 5 um. The metal
microstructure of the sensor consists of a square metal
notch ring and a circular metal notch ring (as shown in Fig.
1(b)), and the optimized geometric parameters are shown
in Table 1.
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Fig. 1. Schematic diagram of unit structure of terahertz sensor. (a) side view of unit structure; (b) metal microstructure

unit of sensor (color online)

Table 1. Geometric parameters of structural unit of terahertz
microfluidic biosensor

Parameters | l, r w hg hy, hy hy hg

Value/um 120 100 65 5 4 01 5 01 50

3. Results and analysis

3.1. Sensing performance index

The quality factor Q is used to characterize the optical
resonance properties of the sensor. The larger the Q is, the

smaller the loss of the resonance system is, the narrower
the resonance peak is, and the easier it is to distinguish the

change of the measured spectrum [16]. The Q of the

sensor can be expressed asQ = f, / X, - In the formula,

f,is the resonant frequency and the x .. is full width of

the half peak. Refractive index sensitivity S is an
important index to measure the performance of the sensor.
The larger the refractive index sensitivity S is, the easier it
is to reflect the small change of dielectric properties
around the sensor in the spectrum, which can be expressed
as S=Af/An. In the formula, Af is the change of
resonant frequency and An is the change of refractive
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index, in units of refractive index unit (RIU). The quality
factor (FOM) can characterize the overall performance of
the sensor and analyze the performance of the sensor in
different frequency bands more reasonably. The higher the
value of FOM is, the better the overall performance of the

sensor is. The calculation formula of FOM can be

expressed as X, =S/ Xy -

3.2. Analysis of sensing performance

The absorptivity of the sensor can be expressed as
A(@) =1-R(@)~T (@) =1-[S,,[* ~|S,,', where @ is the

frequency, R(w) is the reflectivity, T(w) is the

transmittance, S, is the reflection coefficient and S,

is the transmission coefficient. The thickness of the metal
reflector of the Hertz sensor designed in this paper is 0.1
pm, which is much larger than the skin depth of the
terahertz wave in the metal. The terahertz wave cannot
pass through the metal reflector, and the transmittance is
almost 0, that is, T(w)=0. Fig. 2(a) shows the reflection
and absorption spectrum of the designed terahertz sensor
when there is no sample in the microfluidic channel. It can
be found that the sensor produces absorption peaks with an
absorption rate of 99.9% at 0.69THz (low frequency) and
0.95 THz (high frequency). According to the quality factor
formula, the Q values of the sensor at low frequency and
high frequency are 31.8 and 43.9, respectively. The unit
structure of the terahertz sensor designed in this paper is
symmetrical and has polarization insensitivity. Fig. 2(b)
shows the absorption spectra of terahertz sensors under TE
and TM polarization electromagnetic waves. It can be
found that the absorption spectra of the two polarization
modes are highly consistent, which indicates that the
polarization direction of electromagnetic waves has no
effect on the detection results of the sensor.
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Fig. 2. Terahertz spectrum of sensor without sample in
microfluidic channel. (a) absorption and reflection
spectrum; (b) absorption spectrum of sensors under

polarized electromagnetic waves of TE and TM

Studies have shown that the refractive index of
common medical samples such as DNA is 1.41.6 [17], the
refractive index of blood of healthy people is 1.35 [18],
and the refractive index of normal basal cells with a
concentration of 40%, 60%, is 1.36 [19]. In order to apply
the sensor designed in this paper to the detection of
common biomedical samples, the refractive index n of the
sample set in this paper varies from 1.0 to 1.6 (step size
0.2). When the sample passes through the microfluidic
channel, the change of the refractive index of the sample
leads to a change in the dielectric environment around the
metamaterial, and the metamaterial absorber acutely
converts this change into the change of terahertz wave
signal. It is reflected in the change of the resonance curve
in the spectrum. Fig. 3(a) the corresponding absorption
spectrum of different refractive index sample in the
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microfluidic channel of the terahertz sensor. It can be
found that when the refractive index n of the sample
increases from 1.0 step 0.2 to 1.6, the resonance peak of
the sensor has an obvious red shift (to low frequency).
This shows that the sensor can be used for the detection of
biomedical samples. Fig. 3(b) shows the relationship
between the frequency shift of the terahertz sensor and the
change of refractive index. It can be found that the

1.0
4 3 iy
09 | I'I I —-=-1n=1.6
i ‘| I n=14
03 Lo - — n=12
0.7 | ll_ R n=1
- .
g‘ 06 1 |! b
£ R
B 1NN
2041 t oy
< |
03 ?
1 g
02 | \ Vo
0.1 ] /\ A \
1@ N \ A
0.0 L L B T '|'|'|'-|u-'-F|-'1_'|'|'
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 L4 L5
Frequency/THz

resonant frequency shift of the sensor increases gradually
when the sample refractive index n changes from 1.0 to
1.6 (step size is 0.1), and basically maintains a linear
relationship with the refractive index. The linear fitting
results show that the sensitivity of the sensor at low
frequency resonance point and high frequency resonance
point is 220 GHz/RIU and 305 GHz/RIU respectively.
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Fig. 3. Refractive index detection characteristics of sensor. (a) absorbers for samples with different refractive index;(b) linear

fitting and simulation of frequency shift of high and low resonant (color online)

Table 2. Comparison between the proposed sensor and the sensor in the reference

Reference Resonance frequency sensitivity Absorptivity
Ref.[20] 0.79THz 0.379 THz/RIU 98.8%
Ref.[21] 1.28 THz 0.51 THz/RIU 99.5%
Ref.[22] 0.76THz, 2.06THz 0.47THz/RIU, 72GHz/RIU 99.8%
Ref.[23] 0.64THz, 0.88THz 206 THz/RIU, 300 THz/RIU 99.9%
Proposed 0.69THz, 0.95THz 220 THz/RIU, 305 THz/RIU 99.9%

Table 2 shows the performance comparison between
the terahertz microfluidic biosensor proposed in this paper
and the sensor in other references. It can be found that the
terahertz sensor designed in this scheme has the
characteristics of high absorptivity and high sensitivity,
and has potential application value in the field of sensor
detection.

3.3. Stability analysis

In order to avoid the error caused by optical
polarization in practical application, the unit structure of
the terahertz microfluidic biosensor designed in this paper
is symmetrical and polarization insensitive. Therefore, this

paper only analyzes the influence of incident angle on the
performance of terahertz microfluidic biosensor in TE
mode. Fig. 4 shows the shift of the high and low resonant
frequency of the terahertz microfluidic biosensor with the
incident angle. When the refractive index n of the sample
in the microfluidic channel changes from 1 to 1.6, and the
incident angle 0 is less than 60 °, the absorptivity of the
low frequency absorption peak of the sensor is more than
95%, the high frequency absorptivity is more than 99%,
and the resonant frequency does not shift significantly.
This shows that the designed terahertz sensor is insensitive
to a wide incident angle of 0-60 °.
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When the incident terahertz wave enters the
multi-layer structure sensor, part of the terahertz wave will
be reflected many times between the metal microstructure
layer and the metal reflector, and this part of the terahertz
wave will be bound in the microfluidic channel. By
changing the height of the microfluidic channel (h3), the
equivalent impedance of the sensor can be changed to
match the impedance of the free space, so as to enhance
the absorption of terahertz wave. In order to find the best
impedance matching, the effect of microfluidic channel
height on the absorptivity and Q value of the absorption
peak of the sensor is analyzed (other parameters remain
unchanged). Fig. 5 shows the relationship between the
microfluidic channel height and the sensor absorption peak
and Q value. As can be seen from the figure, when the
height of the microfluidic channel is 5 um, the sensor and
the free space can form the best impedance matching
effect, and the absorptivity and Q value of the low

Thickness/um (hs)

Fig. 5. Variation of absorptivity and Q value of low-frequency
and high-frequency resonant points of sensors with the height
of microfluidic channel (color online)

In order to further analyze the influence of the
dielectric layer on the sensitivity of the terahertz sensor,
Fig. 6 shows the relationship between the dielectric
constant and the thickness of the dielectric layer and the
sensitivity of the sensor's high and low absorption peaks
(the height of the microfluidic channel is fixed at 5 pum).
When the thickness of the dielectric layer is fixed (4 um in
this paper) and the dielectric constant of the dielectric
layer increases from 1.84 to 11.9, the sensitivity of the low
frequency resonance peak decreases from 220 GHz/RIU to
180 GHz/RIU, and the sensitivity of the high frequency
absorption peak decreases from 305 GHz/RIU to 255
GHz/RIU. When the dielectric constant of the dielectric
layer is fixed (3.75 in this paper) and the thickness of the
dielectric layer increases from 4 um to 24 um, the
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sensitivity of the sensor decreases gradually. It is not
difficult to find that the increase of the dielectric constant
and thickness of the dielectric layer will lead to the
decrease of the frequency offset and sensitivity of the high
and low frequency absorption peaks. However, the
sensitivity of the sensor will not decrease infinitely with
the increase of the thickness of the dielectric layer. When
the thickness of the dielectric layer increases from 24 um
to 94 um, the sensitivity of the sensor remains unchanged,
and the sensitivities of low frequency and high frequency
absorption peaks are 255 GHz/RIU and 180 GHz/RIU,
respectively. At this time, because the electromagnetic
field excited by the sensor has been basically covered by
the dielectric layer, increasing the thickness of the
dielectric layer will not affect the equivalent capacitance
of the sensor, and the sensitivity tends to be saturated.
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4. Conclusion

In order to reduce the strong absorption of water to
terahertz and improve the sensitivity of the sensor, a
terahertz microfluidic biosensor is proposed on the basis of
metamaterial absorber and introducing microfluidic
channel. The sensor chip integrates a metamaterial
absorber and a microfluidic channel, which can produce
two perfect absorption peaks with an absorption rate of
99.9% in the 0.2-1.5 THz band, and the refractive index
sensitivity can reach 305 GHz/RIU. In addition, the unit
structure of the designed terahertz sensor is symmetrical,
which is insensitive to polarization and wide incident
angle, and shows good sensing performance in the range
of incident angle from 0 °to 60 °. The designed terahertz
microfluidic biosensor has a broad application prospect in
the field of biomedicine.
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