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A new type of microfluidic-metamaterial fusion
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A new type of terahertz sensor with microfluidic and metamaterial fusion is designed in this paper. Taking ethanol aqueous
solution as the research object, the terahertz spectra of ethanol aqueous solution with different mole fraction were
analyzed and studied. With the increase of mole fraction, the terahertz resonance absorption frequency of ethanol solution
decreases gradually, while the resonance summit appears blue shift to varying degrees. The quantitative detection of the
mole fraction can be realized through the corresponding relationship between the blue shift of the resonance absorption
peak and the mole fraction. The research results of this paper are helpful to promote the application of terahertz time
domain spectroscopy in rapid, micro and real-time material identification and biosensor.
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1. Introduction

Terahertz biosensor is a research hotspot in terahertz
functional devices. Through the biosensor, not only the
samples of different components can be detected
conveniently, but also the chemical reactions between
biomolecules and drugs can be monitored. Therefore, the
development of terahertz biosensors with high sensitivity
has important research value and significance. At present,
terahertz biosensors are mostly made of metamaterials.
Metamaterials are artificially designed structures in the
sub-wavelength range [1-3]. Metamaterials have
extraordinary physical properties, which can realize the
artificial control of electromagnetic waves to a certain
extent. The biosensor technology in terahertz band is not
yet mature, and its main difficulty is to overcome the
strong absorption of terahertz wave by water. The early
work is to use metamaterials as sensors to realize the
sensing detection of biological proteins [4] and
antibiotics [5-6] which are attached to the surface of
metamaterials after drying. However, the practicability of
the above method is limited because the solution
environment of the dried sample is very different from
that of the actual organism. In order to maintain the
solution environment of the organism, reducing the
thickness of the solution as much as possible is an
effective way to reduce the terahertz wave absorption of
water. Researchers put metamaterials in solution cavities
to explore their applications in drug reaction monitoring
[7] and mixture detection [8], but quantitative detection
is still very difficult. The microfluidic chip technology
developed in recent years provides a new way for the
fabrication of terahertz biosensors [9-15]. Microfluidic

chip technology can accurately control the microfluidic
channel at the micron level, which is an ideal choice for
the fabrication of terahertz biosensors. In recent years,
microfluidic chips have been used in the sensing
detection of isopropanol-water and acetonitrile-water
mixtures in terahertz band [16] and the detection of
specific virus samples[17]. However, using the
microchannel as the sensor, the measurement results are
not intuitive enough, which increases the difficulty for
the analysis of the results. Therefore, by combining the
metamaterial with specific resonance response with the
microfluidic chip, the change of liquid characteristics in
the microchannel can be easily observed by observing the
movement of the metamaterial formant in the frequency
spectrum. In 2016, several research groups at home and
abroad tried to integrate metamaterials into microfluidic
chips for the detection of different organic solutions [18]
and glucose solutions [19-20]. Recently, part of the work
has also shown its development potential in liver cancer
diagnosis [21] and biosensor [22]. A new type of
microfluidic-metamaterial terahertz sensor is designed in
this paper. By detecting the absorption spectra of ethanol
solutions with different mole fractions, the quantitative
relationship between the frequency and absorptivity of
the four formants of the sensor and the mole fraction of
ethanol was obtained and applied to the determination of
the mole fraction of ethanol aqueous solution.

2. Sensor structure design
A new type of microfluidic-metamaterial integrated

terahertz sensor is designed in this paper. The terahertz
sensor has a three-layer structure, as shown in Fig. 1 (a).
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The top structure consists of a quartz substrate and a
metamaterial structure plated on its lower surface (the
material is gold), and the bottom structure is a silicon
substrate. The metamaterial of the top structure is a
two-dimensional periodic array structure in the x-y plane.
The unit structure is shown in Fig. 1 (b), and each
element contains four identical L-shaped metal structures.

The length of the three arms of the L-shaped metal
structure is 55um, the interval between the two L-shaped
arms is 2um, the linewidth of all metal structures is 2um,
the period of the unit in the x and y directions is 112 um,
the thickness of the metal layer is 0.2 um, the thickness
of the substrate is 200 wm, and the height of the
microfluidic channel is 30 um.
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Fig. 1. Schematic diagram of the structure of the sensor designed:(a) sensor side view; (b) sensor cover structure metamaterial
element; (c) metamaterial element periodic array

3. Simulation calculation and modeling
method

In this paper, CST (Computer Simulation
Technology) microwave laboratory [23] is used to
simulate the sensor. The polarized terahertz wave along
the y-axis is incident from the top layer along the z-axis
to the top layer of the sensor. In order to eliminate the
influence of terahertz reflection echo in the top substrate,
a perfectly matched layer is set up on the incident (exit)
surface, and the absorption spectrum is calculated. In the
simulation calculation, the conductivity of gold is set to
4.52 x 107S/m [24], and the dielectric constant of silicon
is set to 3.82 [25]. The material in microfluidic is set to
air or medium (such as ethanol aqueous solution). In this

paper, Debye model is used to describe the complex
permittivity &, (@) of ethanol and water [26-27]:

L —&
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In the formula, @ represents the angular frequency
and 1 represents the order (take the integer), N as the
total order, &; as the dielectric constant, &, as the
high frequency limit and 7; as the relaxation time. The
Debye model parameters of ethanol and water are shown
in Table 1.

Table 1. Debye model of ethanol and water

Liquid €1 T1(ps) ) T2(pSs) € T3(ps) €0
Ethanol 23.45 153 5.14 3.12 2.89 0.34 1.76
Water 73.86 8.42 5.39 0.26

By changing the mixing ratio of ethanol and water

[28], the dielectric constant &, (@) of ethanol aqueous
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solution with different mole fraction can be obtained.
&y () =g, (0)+(1-0)é, (@) )

In the formula, £ represents the concentration of
ethanol in the solution, &,(®) and &, (@) represent
the dielectric constant of ethanol and water, respectively.
The dispersion curves of the real and imaginary parts of
the permittivity of ethanol aqueous solution can be
obtained from the above formula, as shown in Fig. 2 (a).
At the same time, the relationship between refractive
index N(w), extinction coefficient & (@), absorption
coefficient a(w) and dielectric constant [29]:
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In the formula, &, (@) is the dielectric constant of
the mixed solution and C is the speed of light in
vacuum. The dispersion curves of refractive index and
absorption coefficient of aqueous ethanol solutions with
different concentrations can be extracted from the above
formula, as shown in Fig. 2 (b), respectively. Because the
refractive index and absorption coefficient of water are
larger than those of ethanol, the refractive index and
absorption coefficient of ethanol aqueous solution
decrease with the increase of ethanol mole fraction.
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Fig. 2. Dispersion curves of aqueous ethanol solutions with different concentrations the real and imaginary parts of (a) dielectric
constant; (b) refractive index and absorption coefficient

The multi-layer structure design of the sensor makes
a part of the incident terahertz wave reflect many times
between the metal microstructure layer and the metal
reflector, and this part of the terahertz wave is bound in
the microflow channel to form F-P resonance, so as to
realize the absorption of terahertz wave. The intensity of
resonant absorption depends on the degree of matching
between the equivalent impedance of the sensor and the
impedance of the free space. by adjusting the height of
the microflow channel, the equivalent impedance of the
sensor can be changed to make it match well with the
impedance of the free space. so as to enhance the
absorption of terahertz waves. For this reason, under the
condition that other parameters are constant, the effect of
different height (h =0 ~50um) microflow channel on the
absorption peak absorptivity of the sensor is studied. The
simulation results are shown in Fig. 3.

As can be seen from the figure, the absorptivity of
the resonant peak of the sensor varies with the height of
the microfluidic channel. When the height of the
microfluidic channel is 30um, the equivalent impedance

of the sensor is closest to the impedance of free space,
and the impedance matching effect is the best. The
absorptivity of low-frequency and high-frequency
resonant peaks of the sensor reaches the maximum.
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Fig. 3. Effect of microflow channel height on absorptivity
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4. Results and discussion

When the terahertz wave is incident from the cover
and there is air in the microfluidic channel, the
transmission spectrum of the sensor is shown in Fig. 4.

At this time, the transmission spectrum has four
resonance absorption peaks in the effective detection
band, which are marked as peak 1, peak 2, peak 3 and
peak 4 from low frequency to high frequency,
respectively.
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In order to further analyze the detection sensitivity
of the microfluidic-metamaterial sensor, this paper
simulates the absorption spectrum of the sensor when the
microfluidic channel is filled with non-absorbing media
with different refractive index. As shown in Fig. 5 (),
when the refractive index of the medium in the
microfluidic channel is gradually changed from 1 to 2,
the four resonance absorption peaks of the sensor can be
observed to red shift at the same time. The sensitivity of
the four formants of the sensor is calculated by using the
sensitivity formula.

S=Af / An (4)

In the formula, Af is the resonant peak frequency
shift and An is the refractive index change. From the
sensitivity results shown in Fig. 5 (b), it can be seen that
the sensitivity of the highest frequency formant peak 4 of
the designed sensor is 192GHz/RIU (RIU is Refractive
Index Unit). Therefore, when it is applied to the detection
of ethanol aqueous solution with great difference in
dielectric constant, the obvious resonance peak frequency
shift can be observed.
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Fig. 5. Absorption spectrum and sensitivity of the sensor.(a) Absorption Spectrum with different Refractive Index of Media in
Microfluidic Channel of Sensor; (b) Sensitivity of each absorption peak of the sensor

The complex permittivity of ethanol aqueous
solution is calculated according to
&y (@) =Ce,(w)+(1-4)e, (w) , which is set as the
medium parameter in the microfluidic channel of the

sensor, and the corresponding absorption spectrum is
calculated. The result is shown in Fig. 6 (a). Fig. 6 (b)
shows the relationship between the absorptivity of the
sensor and the concentration of ethanol.
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Fig. 6. (a) Reflection spectrum of the sensor for aqueous ethanol solution with different mole fraction of ethanol;
(b) the relationship between the formant reflectivity of the sensor and the mole fraction of ethanol

The dispersion curve of the refractive index and
absorption coefficient of ethanol aqueous solution [see
Fig. 2 (b)] shows that when the ethanol concentration
increases gradually, the refractive index of ethanol
aqueous solution decreases and the absorption coefficient
increases, so the peak position of the four formant peaks
in the absorption spectrum gradually blue shifts, the Q
value of the formant peak increases, and the absorptivity
decreases gradually. It should be pointed out that due to
the close distance between peak 1 and 2 at low frequency,
when the mole fraction of ethanol is low, the Q value of
the formant decreases, that is, the linewidth increases,
which will lead to the difficulty of distinguishing the two
peaks.

5. Conclusion

A new type of microfluidic metamaterial integrated
multi-band terahertz sensor is designed in this paper. The
sensor consists of a metal plate at the bottom, a
metamaterial in the cover layer, and a microfluidic
channel between them. The absorption spectrum of the
sensor in detecting ethanol aqueous solution with
different mole fraction was simulated. The results show
that with the increase of the mole fraction of ethanol, the
amplitudes of the four formants in the absorption
spectrum gradually decrease, while the peak positions
gradually blue shift. The relationship between the mole
fraction of ethanol and the frequency of the four formants
of the sensor was analyzed and applied to the
determination of the mole fraction of ethanol solution.
Compared with the commonly used chemical methods,
this method has the advantages of rapidness and
non-destruction of samples. Because the sensor measures
the mole fraction according to the change of the
absorption coefficient of the liquid to be measured, the

conclusion of this work can be extended to the mole
fraction detection of other mixed solutions. These
conclusions are of certain significance to promote the
application of terahertz spectral detection technology in
the fields of trace substance detection, biosensor, drug
reaction and in vivo monitoring.
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