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Abstract: In order to solve the problems of low sensitivity and complex sample pretreatment in traditional detection, a
method was proposed in this study to detect daminozide using terahertz combined with a metamaterial sensor, which enables
real-time and label-free molecular detection with high sensitivity. The correlation between the transmission frequency shift
and absorbance of daminozide solution at different concentrations was analyzed. The simulation and experimental results
showed that this metamaterial sensor could achieve highly sensitive sensing of daminozide solutions at 0.05 mg/L. The
maximum quality factor (Qp.) of the two peaks could reach 5.78 and 13.05, and the maximum figure of merit (FOM) of the

two peaks can reach 0.82 and 1.72. The maximum sensitivity of two resonance peaks reached 38.148 GHz/(mg'L) and
133.516 GHz/(mg-L) when the concentration of daminozide in the solution was 2000 mg/L. There was an obvious positive
correlation between the transmission and transmission, frequency shift and frequency shift, and absorbance and absorbance of

the resonance peak of daminozide solutions.

Therefore, this platform not only opens up new possibilities for the

microanalysis of the chemical composition of substances in solutions but also provides a valuable reference for the design of

other metamaterial-based sensors in the field of food safety.
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1 Introduction

Daminozide (succinic acid 2,2-dimethyl hydrazide) is a type of
succinic acid plant growth regulator (PGR) with various effects,
including bactericidal, and a wide range of applications. It can be
used as a dwarfing agent, fruit-setting agent, rooting agent,
preservative, etc.!! However, the abuse of PGRs in agriculture can
result in fruits and vegetables containing residual PGRs, which
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pose potential toxicity to humans®,

Therefore, the convenient,
rapid, and sensitive detection of PGR residues is essential to ensure
food safety for consumers. As a biomolecule, daminozide has the
molecular structure and related environmental information that will
produce a terahertz (THz) wave response, and show different
absorption positions and intensities. This enables the use of THz
spectroscopy to study the structure, configuration, and
environmental state of biomolecules.

Nowadays, there is an increasing recognition that THz
spectroscopy can be used for high-sensitivity molecular sensing.
First, THz spectroscopy can reveal a large amount of molecular
structure information, and measure the vibration of low-frequency
molecules in intermolecular or intramolecular vibration modes,
including hydrogen bonds, van der Waals interactions, and
irrelevant (hydrophobic) interactions. In addition, when the
millielectron volt (meV) is significantly smaller than the energy of
X-ray photons (ranging from ~100 eV to ~100 keV), the ionizing
radiation does not influence the radiation energy generated, thus
does not affect the properties of the target. Due to their
permeability, fingerprint recognition, and security, terahertz
time-domain spectroscopy (THz-TDS) and image measurement
have great application potential in the agri-food field”. However,
at THz frequencies, most studies using this technology are usually
limited to dry or partially water-containing samples due to the
strong absorption of polar liquids (such as water). Since most of
the functions of chemical and biological materials are expressed in
an aqueous environment, and the water environment is the main
solvent of most biological substances, it is necessary to develop an
inexpensive sensor platform for real water-based biological
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systems®”.  As a result, the combination of THz-TDS and

metamaterials for the quick and convenient analysis of compounds
in solution has attracted increasing attention.

Metamaterials are composed of shorter-wavelength metals
and/or dielectric elements placed periodically and have unique
electromagnetic properties such as negative refraction, limited
sub-partial focus, and invisibility® ', The research of
metamaterials ~ follows  the  triangular  relationship  of
“structure-component-function”. By adjusting the design and size
of the structure, the response characteristics of different bands and
physical characteristics are achieved!'”.  Specific passive and
active photoelectric functions can also be achieved through the
selection of the cell and base material components. In addition,
metamaterials with interstitial structures have strong localization
and enhancement fields, and can sensitively detect trace chemical
and biological substances. For instance, the detection of fatty acid,
saline water, norfloxacin, cells, and pesticides attached to
metamaterials has been reported!*'”.  Xu et al."'® used THz-TDS
combined with metamaterial to detect the chlorpyrifos-methyl
(CM), and the limit of detection of CM reached 0.204 mg/L, which
is lower than the World Health Organization’s provisional
guideline limit for CM in vegetables. Then, Ye et al.l'"” combined
metamaterial methods with terahertz spectroscopic technology to
achieve 10° times the sensitivity of chlorothalonil solution, which
demonstrated the potential of metamaterial technology to improve
detection capabilities. Therefore, metamaterials provide a novel
way for the development of functional materials and the detection
of biomolecules. It can be better to realize trace detection of
pesticides and other biological molecules.

In recent years, the research direction of metamaterial sensors
has gradually turned to microwave absorbers with periodical water
structures or multiple-band absorption®**!).  Xie et al.?* proposed
a four-layer structure with water inclusions and a resonant resin
circular ring, which achieved a perfect absorption rate of over 90%
in the frequency range from 12.0 to 29.6 GHz. Zhang et al.*
introduced a four-layer ultra-broadband microwave absorber with a
supernatant microstructure, and the results indicated that the
absorber could achieve 90% perfect absorption from 4.3 to
40.0 GHz. Later, Han et al.” reported a dielectric absorber made
from salt water and polytetrafluoroethylene, which had an
absorption capacity of over 90% in the frequency bands 1.4-
3.3 GHz and 4.3-63.0 GHz and a relative absorption bandwidth of
up to 180%. Wang et al.® proposed a single and double
U-shaped resonator THz metamaterial based on split-ring
resonators with multi-frequency resonance achieved. The results
show that metamaterial can realize the trace detection of
imidacloprid. However, they are difficult to extend to higher
frequencies, such as the THz or infrared regions. Moreover, the
metamaterial sensor still needs further improvement, in terms of
costs, bandwidth, absorption performance, and flexibility.

This study demonstrated the applicability of a double
resonance metamaterial as a sensor for the detection of daminozide
solutions by spectroscopic analysis in the THz region. First, a
dual-resonant metamaterial sensor was designed based on
Au-Ti-Polyimide. Then, the variation of the thickness and the
refractive index of the surface analyte on the electric field
distribution of the metamaterial were analyzed. It could be found
that the use of terahertz-TDS could directly and quickly detect
daminozide solutions of different concentrations. The results
showed that the metamaterials sensor proposed in this study can be
used to successfully detect daminozide solutions, as small as

0.05 mg/L. The novel metamaterial sensor has the advantages of
highly sensitive and label-free detection, ease of use, and
reusability, which opens up a broad prospect for the application of
THz label-free sensor in food quality and safety control.

2 Simulation and experimental methods

2.1 Metamaterial design and simulation

The geometric configuration of the designed double-formant
metamaterial sensor is shown in Figure 1. In particular, a
perspective view of a metamaterial sensor single-cell layout is
displayed Figures la-1c show the top view and side view of the
sensor, respectively. In this study, the Computer Simulation
Technology (CST) Studio Suite (Dassault Systémes Simulia SE,
Vélizy-Villacoublay, France) was used to numerically simulate the
structure of metamaterial'™. The material properties of Au, Ti,
and Polyimide were referred from Du et al.[*"

In addition, in order to analyze the rationality of the designed
metamaterial structure, we simulated the transmission peaks of the
inner square structure, the outer square structure, the bimodal
structure, and the bimodal structure with a notch in the range of
0-2.1 THz (as shown in Figure le). It can be seen from the
figure that for the inner square structure, there is no transmission
resonance peak in the range of 0-2.1 THz. The reason is mainly
due to the small size of the inner structure, and the incident
terahertz wave on the surface of the metamaterial structure does not
break the electrical neutrality of the inner square structure.
Therefore, there is no obvious transmission resonance peak. The
outer square structure and the double square structure produce
unique resonance peaks around 0.9 THz. It shows that when a
terahertz wave is an incident on the outer square structure, the
electric neutrality of the inner structure is broken so that the
structure produces electric dipoles, and the electric dipoles resonate,
which leads to the appearance of resonance peaks. It also shows
that the combination of the inner square structure and the outer
square structure cannot change the electrical neutrality of the outer
square structure. When the gap is designed on one side of the
outer square structure, it can be seen that the combination method
forms a double resonance transmission peak, which breaks the
limitation of the single resonance peak of the metamaterial. It can
be seen that the design of the gap in the outer square structure
changes the electric field and current inside the metamaterial of the
composite structure, resulting in different resonance modes.

To further analyze the influence of the gap (g) size on the
resonance peak of metamaterials, the g size of the outer square
structure was simulated and optimized (Figure 1f). In the
simulation, the size of g was set to be 10 um, 15 gm, 20 um, 25 um,
and 30 um, respectively. When the g gradually increased from 10
to 30 um, the frequency shifts of both resonance peak 1 and
resonance peak 2 gradually shifted to the right, and the
transmittance of resonance peak 1 showed a gradually increasing
trend. When the g was 30 um, the transmittance of resonance
peak 1 was as high as 96%. However, the transmittance of
resonant peak 2 showed a decreasing change with the increase of
the g.  When the g was 30 um, the transmittance of resonant peak
2 was 90%, which was 6% lower than that of resonant peak 1.
Therefore, considering the difficulty of processing, the size of g as
20 um was chosen for processing, which not only reduced the
processing difficulty but also improved the transmittance of the two
resonance peaks.

2.2 Fabrication of the metamaterial
According to the design results, the real metamaterial sensor
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samples were also fabricated for experimental measurements.
Figure 1d shows the partial microscopic view of the actual
metamaterial sensor prepared under an optical microscope. The
preparation process mainly includes the following three steps: First,
the polyimide layer was spin-coated on a silicon substrate, and
baked to imidize the polyimide. Then, the pattern of metamaterial
was acquired by standard photolithography (ABM Mask Aligner,
ABM Inc. Asia Pacific Ltd., Hong Kong, China) followed by the
separate deposition of 10 nm Ti and 200 nm Au layers by electron

beam evaporation using a Cook e-beam evaporator (Cooke
Vacuum Products, Norwalk, CT, USA). Finally, the whole
samples were soaked in the HF solution for 30 min, the polyimide
layer with metal metamaterial supported upon would be peeled off
from the silicon substrate, and the specimen was divided into
10 mmx10 mm pieces with a Disco cutter (Table SI).

Subsequently, the resonant features of flexible metamaterial
samples were measured on a TAS7400TS transmissive THz-TDS
system (Advantest Corporation, Saitama, Japan).
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a. Geometric configuration of the metamaterial sensor b and c. Structural configuration and the top view of the metamaterial sensor, respectively; the
parameters are substrate width (L)=72 um, outer frame metal wire length (p)=64 um, outer frame metal wire length (w)=52 um, substrate thickness
(£)=14 pm, inner frame metal wire length (d)=24 um, inner frame metal wire width (e)=16 um, gap (g)=20 um d. Partial physical image of the
metamaterial sensor e. Resonant peak of different structures f. Resonant peak of the proposed structure for different g size

Figure 1

2.3 Experimental method

THz-TDS was used to measure the spectrum using the
TAS7400TS THz-TDS (Advantest
Corporation) in normal transmission detection mode. During the

transmissive system
experiment, a frequency resolution of 3.8 GHz was chosen and the
frequency range of the acquisition 0.3-2.1 THz was set. In
addition, all measurements were performed in a nitrogen
atmosphere at a temperature of 25°C+1°C and relative humidity of
less than 3%.

Daminozide samples (>99%, BR) were purchased from Dalian
Meilum Biotechnology Co., Ltd., Dalian, China. First, the
following liquid solutions samples of varying concentrations of
daminozide, 0 mg/L, 0.05 mg/L, 0.1 mg/L, 1 mg/L, 5 mg/L,
100 mg/L, 1000 mg/L, and 2000 mg/L, were prepared by dissolving
the corresponding amount of the daminozide powder in water. In
the experiment of this study, 50 4L of daminozide solutions were
dropped on the surface of the metamaterial sensor and allowed to
dry (room temperature) before measuring the spectrum of three
duplicates. And each spectrum was averaged by three scans.

2.4 Data analysis

In this study, the model proposed by Dorney et al.l*”)

and
Duvillet et al.?® was used for data processing and optical parameter
extraction. After obtaining the reference signal E\.q, of the THz
time-domain spectrum and the signal E,m(, penetrating the sample,
fast Fourier transform processing was performed on them
separately to obtain the corresponding frequency domain signal
amplitudes Eqo) and Egme), and calculate the complex

Schematic diagram and structure optimization diagram of metamaterial sensor

transmission function H(w). In addition, a suitable sampling
window was selected that included only one THz pulse waveform,
and ignored the rest of the echoes, in order to calculate the optical

parameters transmittance 7(w) and absorbance, as follows!*”':

E()Ml (W) / Psam (W) — E.mm (W)

T(w)= E,(W)x Byr(w)  Ep (W) .
Absorbance(w) = —log % .

where, o is the angular frequency, rad/s; E,(w) is the outgoing
electric field; Ej(w) is the incident electric field; T(w) is the
transmittance; Eifq) is the terahertz wave of the penetrating air;
Egm(w) is the terahertz wave of the penetrating of sample; P, ()
and Pg,,(w) are the transmission factors of terahertz wave in air
and sample, respectively.

3 Results and discussion

3.1 Analysis of the simulation results

The transmission spectra of the metamaterial-based sensor were
simulated and experimentally measured (Figure 2a). There were
two clear resonance peaks at 0.50 and 1.36 THz. The spectra also
show that there is a certain level of discrepancy between
experimental and simulation results. The main reasons include
two aspects. On the one hand, the difference between the
simulated conditions and the actual conditions used, and on the
other hand the processing errors in the experimental. Thus, there
is a difference in the intensity of the resonant peak, and the
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resonant frequency deviates. The actual prepared dimensions can
be found in Table 1.
Table 1 Structural parameter for the actual preparation of
experiment (zm)

Parameter Value
Substrate width L 72.00
Outer frame metal wire length p 64.62
Outer frame metal wire width w 51.40
Inner frame metal wire length d 24.67
Inner frame metal wire width e 15.39
Gap g 19.39
Substrate thickness ¢ 14.00

In order to determine the transmission mechanism of the
transmission peak of the metamaterial sensor, the distributions of
the electric field and magnetic field at different resonance
frequencies were simulated and analyzed. The electric energy
density and the surface currents distribution of the two resonant
peaks in the x-y plane were the first investigated. For peak 1, the
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electric fields were strongly enhanced on the left of the outside of
the metal (Figure 2b). Additionally, also it was also found that
the surface current was mainly distributed on the left of the outside
of the metal, and the surface current of the outer and inner metal
frames was in the same direction, that is, the dipole-like parallel
currents in Figure 2c.  For peak 2, the electric fields were strongly
enhanced on the outside of the metal (Figure 2d). The surface
current was mainly distributed on the outside of the metal and the
surface current of the outer metal frame was in the opposite
direction to that of the inner metal frame, that is, the Fano-like
antiparallel currents in Figure 2e. These results indicate that the
resonance peaks are mainly caused by the uneven distribution of the
magnetic field energy due to the different directions of the surface
currents. In addition, other researches’®>®*! have found that when
the geometric parameters of the metamaterial structure were
determined, the resonance frequency was related to the surface
dielectric environment and electric field, which is consistent with
the conclusion of this study.

H-field

d €.

a. Transmission curves obtained by simulation and experiment b and c. Corresponding electric field, magnetic field, and surface current distribution on top at the
resonant frequencies of 0.5 THz. d and e. Corresponding electric field, magnetic field, and surface current distribution on top at the resonant frequencies of 1.36 THz.
Figure 2 Transmission diagram of metamaterial sensor and the electric field and surface current distribution of its corresponding resonance

To theoretically model the spectral response of the
metamaterial sensor with a thin-film analyte on its surface, the
transmission spectral response of the metamaterial sensor was
investigated with different analyte thicknesses. Figure 3a shows
the variation of the simulated spectral transmission amplitude with
the thickness of the analyzed layer when the thickness of the
analyte on the surface of the metamaterial is in the range of 0-
15 um. The results show that as the thickness of the analyte
increases, the transmission peak shifts to the low-frequency
direction. When the thickness of the measured object increases
from 0 to 15 um, the frequency of the resonance peak 1 of the
metamaterial sensor increases from 0.50 to 0.40 THz, the
displacement is 19.5%, and the sensitivity is 6.5 GHz/um. In
addition, when the thickness of the measured object increases
from 0 to 15 um, the frequency of the resonance peak 2 of the
metamaterial sensor increases from 1.36 to 1.11 THz, the
frequency shift is 18.39%, and the sensitivity is 16.67 GHz/um.
The simulation results showed that the transmission amplitude of
the metamaterial sensor is related to the thickness of the analyte.
Furthermore, the frequency shift Af of the metamaterial-based
sensor was analyzed with different analyte thicknesses, as shown
in Figure 3c. The analysis revealed that the frequency shift Af of
the resonance peak 1 increased with the increase of the analyte
thickness. In particular, when the analyte thickness was 13 um,
the frequency shift Af occurred at the highest point, that is, the
frequency shift Af was 97.5 GHz. Also, with the increase of the

analyte thickness, the frequency redshift Af of the resonance peak
2 increased at first and then tended to level off. The frequency
shift position was the same as that of the resonance peak 1.
When the analyte thickness was 13 um, the frequency shift Af
occurred at the highest point, that is, the frequency shift Af was
257.5 GHz. Thus, we concluded that the frequency shift of the
metamaterial sensor is related to the thickness of the analyte.
However, there must be a limit value for Af. If it exceeds this
value, regardless of how large the thickness is, the Af would not
increase significantly anymore!'®. A similar case has also been
observed in other studiesl’™. Figure 3b shows the spectral
transmission amplitude change of the simulated metamaterial
surface in the range of refractive index 1.0-1.9, revealing that
increasing the refractive index, leads to the resonance peaks being
accompanied by a redshift. Compared with resonance peak 1,
the red shift of resonance peak 2 is more obvious, indicating that
the reflection index has a greater effect on resonance peak 2.
This result is the same as that shown in Figure 2a. Further
combining the electric field intensity with the current distribution,
revealed that the refractive index affects the electric field intensity
and surface current distribution. The sensitivity S was the
derivative of the Af-n, which was defined as the degree of change
in the sensor’s response to changes in the unit amount of
analyte®>*!.  The only factor that affects the sensitivity of
metamaterial THz sensors is the change in the refractive index of
the surface analyte (i.e., frequency shift). As the refractive index
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increases gradually, S increases approximately linearly (Figure 3d).
When the refractive index was n=1.9, the maximum sensitivity S
of resonance peak 1 was 108 GHz/refractive index unit (RIU), and
the maximum sensitivity of resonance peak 2 was 286 GHz/RIU.
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This result indicates that the stronger the magnetic field and the
more current distribution, the higher the sensitivity of the sensor.
The Fano-like antiparallel currents and the dipole-like parallel
currents also have some effect on sensitivity.
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Figure 3 Sensing principle of the metamaterial sensor

3.2 Analysis of experimental results

The sensing performance of the proposed metamaterial was
evaluated (Figure 4a) using daminozide, a type of succinic acid
plant growth regulator, as an example. The transmission spectra
of different solutions of daminozide in water concentrations of 0,
0.05 mg/L, 0.1 mg/L, 1 mg/L, 5 mg/L, 100 mg/L, 1000 mg/L, and
2000 mg/L were measured and are shown in Figure 4b. The
spectra reveal the overall trend that the transmittance decreases
with increasing daminozide concentration. In addition, they also
show that the resonance frequency redshifts of the two peaks were
different. Compared with resonance peak 1, the sensing results of
resonance peak 2 showed a more remarkable change of
transmittance, which is clearly distinct between different
daminozide concentrations. This result also confirmed that the
coincidence degree between the daminozide transmission peak and
metamaterial resonant frequency plays the dominant role.

To illustrate it better, the frequency shift Af was defined to
describe the absolute values of the peak frequency distance
between the double-resonance metamaterial resonator curves with
and without the analyzed layer, and the results are shown in Figure
4c. For the resonance peak 1, higher frequency shift Af values
(from 0 to 38.148 GHz) were obtained when the concentration of
the daminozide solution was increased from 0 to 2000 mg/L.
Also, as the daminozide concentration increased, the frequency
shift Af of the resonance peak 2 increased from 0 to 133.516 GHz.
The frequency shift results of the two resonance peaks were
consistent with the change law of experimental transmission. In
our experiment, the sensitivity was defined as S = Af/Ac'*), where
Ac represents the change of the daminozide concentration, and the
maximum sensitivity reached 38.148 GHz/mg-L at 2000 mg/L.

This means that the resonance peak 1 was shifted 38.148 GHz/mL
of daminozide. Regarding resonance peak 2, the maximum
sensitivity approached 133.516 GHz/(mg'L) at 2000 mg/L. The
results showed that the concentration of daminozide determines the
detection sensitivity of the metamaterial sensor, not that the higher
the concentration of the sample, the higher the detection sensitivity.
Moreover, the resonant peaks at 0.05 mg/L are 0.511 and
1.385 THz, which are different from the resonance peaks at 0 mg/L.
That is, the two resonant peaks’ frequency redshift at 0.05 mg/L are
15.258 and 49.586 GHz. Thus, the minimum daminozide
concentration detected by the metamaterial is 0.05 mg/L, having a
better sensitivity than those in previously reported studies using
THz-DTSPY. In addition, the THz time domain spectrogram,
shown in Figure 4d, reveals that with the increase of the
concentration of daminozide, the amplitude time-shifted
successively to the right, indicating that with the increase of the
concentration of daminozide, the amplitude time of the samples
showed a delayed increase. This result indicates that the
combination of metamaterial and THz radiation also has a certain
influence on time-domain signals.

As is well known, each metamaterial substance has its unique
fingerprint spectrum®®. This study found that by inducing the
field enhancement of the metamaterial, the external field can
interact more effectively with the substance being detected when
the fingerprint resonance peak of the substance and characteristic
spectral peak of the metamaterial structure are close to each other.
We detected the characteristic fingerprint peaks of daminozide as
shown in Figures 4e and 4f. They revealed that daminozide has 2
distinct characteristic peaks in the 0-2 THz range, namely
characteristic peak 1 and characteristic peak 2, which are at
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0.45-0.55 THz and 1.2-1.5 THz, respectively. This phenomenon
further verifies that in the concentration range of 0.05-2000 mg/L,
the coincidence degree between the daminozide fingerprint peak
and the structurally characteristic peak of the metamaterial plays a
dominant role, which is consistent with previous reports?®*.  As
shown in Figure 4g, when the concentration of daminozide
increases from 0.05 to 2000 mg/L, all the characteristic peaks show
an initial decreasing trend, followed by an increasing trend and
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then a decreasing trend again. These results are consistent with
the recorded transmission spectra, indicating that the transmission
of daminozide is inversely proportional to the absorption at the
same concentration, that is, the greater the transmittance of
daminozide, the smaller the absorption. The above results also
demonstrated that the THz-TDS technique combined with a
metamaterial sensor can be used to effectively quantitatively

analyze trace substances.
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Figure 4 Detection ability of daminozide solutions using the metamaterial sensor

In order to further analyze whether there is a correlation
between the parameters of the two resonance peaks. The
correlations among transmission, frequency shift, and absorbance
of the daminozide at different concentrations were analyzed using a
robust open-source software platform®®. As shown in Figure 5,
there is an extremely significant positive correlation between
absorption peak 1 and absorption peak 2, and the correlation

coefficient is 0.82. There is also a significant positive correlation
between transmission peak 1 and transmission peak 2, and between
the frequency of resonance peak 1 and the frequency shift of
resonance peak 2, with correlation coefficients of 0.74 and 0.84,
respectively. In addition, there is a positive correlation between
transmission peak and frequency shift, indicating that the greater
the transmission of daminozide solutions, the more obvious the
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frequency shift Af. Further, it could be achieved that highly
sensitive detection of terahertz metamaterial sensors by
superimposing the sensing characteristic parameters of the two
resonance peaks in the future.
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Figure 5 Correlation among transmission, frequency shift, and
absorbance of the daminozide at different concentrations

3.3 Comparison of performance indicators

It is useful to compare the sensitivity, advantages, and
disadvantages of the biosensor platform developed in this study
with those of other label-free biosensor platforms®”. In general,
the values of three parameters are used to evaluate the sensing
performance of metamaterial THz sensors®®*.  The first
parameter is the quality factor (Q), which represents the resonance
characteristics of the sensor. The Q value is related to the
resolution and sensitivity of the sensor. Under the same other
conditions, as the Q value of the sensor increases, its resolution
also increases. In the case of the same resolution, a sensor with a
higher QO value and a sharper spectral curve has higher sensitivity.
The second parameter is sensitivity S, which is the degree of
change in the response of the sensor to the change in the unit
amount of analyte. The third parameter is the FOM value, a value
that represents the sensor performance index.  When the
sensitivity S is the same, the higher the FOM value, the better the
sensing performance of the sensor. As is well established, high O
and FOM values result in a sharper resonance peak, which makes it
easier to observe the resonance peak shift®”. In our experiment,
the maximum Q value of the two resonance peaks are 5.78 and
13.05 and the maximum FOM values of the two resonance peaks
are 0.82 and 1.72, which are higher than the values in the reference
(as shown in Table 2)**1.  Although the Q, FOM, and sensitivity
values of our design are lower than those reported in the
literature®>#**, the metamaterial of this study achieved a detection

Table 2 Performance comparison of different sensors

The origin of Concentration The quality s Flgurg of
2 [ Sensitivity merit  Year
the article ~ detection limit  (Q) factor (FOM)
Ye et al.*”! 0.1 mg/L 3.6 156 GHzZRIU 038 2021
Wang et al.** - 142 243 GHz/RIU 33 2020
Lin et al.*" 0.1 ng/mL - 76.5 GHZRIU - 2021
flaf},%eldm ot - 2205  300GHZRIU 294 2019
Gupta et al.l*! - 10 180 GHz/RIU - 2020
. 5.78 108 GHZRIU ~ 0.82 2021
This study 0.05 mg/L

13.05 286 GHz/RIU 1.72

limit of 0.05, while those reported in the literature are not
experimentally detected values, but rather are theoretical values
obtained from the simulation stage. In the future, the structure of
metamaterial was planned to further optimize while improving the
0, FOM, and sensitivity values.

4 Conclusions

In this study, an Au-Ti-Polyimide-based metamaterial sensor
was designed, fabricate, and evaluated for the detection of
daminozide in solution. Compared with the previously reported
THz sensor technology, this novel approach does not require tablet
samples, which is more convenient and direct. The simulation
and experimental results both confirmed that this method achieved
highly sensitive sensing of daminozide in solution at a
concentration as low as 0.05 mg/L. Its maximum Q of two peaks
can reach 5.78 and 13.05, and the maximum FOM of two peaks can
reach 0.82 and 1.72. Correlation analysis showed that there are
obvious positive correlations between the transmission and
transmission, frequency shift and frequency shift, and absorbance
and absorbance of the two resonance peaks in the daminozide
solution, and the correlation coefficients are 0.71, 0.84, and 0.82,
respectively. This new metamaterial sensor could realize the
rapid and efficient detection of daminozide. However, only one
plant growth regulator was tested in this study. In future work,
the designed metamaterial sensor will be tried to be used to detect
other kinds of plant growth regulators or pesticides. It is expected
to provide a new detection technology for the field of food
detection.
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Appendix
Table S1 Detailed production process
Step Number Name Condition Time Equipment
1 Subtract Four-inch high-resistance silicon
) . Positive rotation 600 r/min 7s ) )
2 Spin-on Coating Meitu Semiconductor Coater RC-150
Counter rotation 1000 r/min 30s
Pre-bake 120°C 5 min Meitu programmable hot plate PHP-8

Spin coating of PI
Repeat steps 2 and 3 twice

120°C 1.0h
5 Imidize the PI 200°C 2.0h
250°C 25h
. . Positive rotation 600 r/min 7s . .
1 Spin-on Coating Meitu Semiconductor Coater RC-150
Counter rotation 1000 r/min 30s
. 2 Pre-bake 110°C 2 min Meitu programmable hot plate PHP-8
Lithography )
3 UV exposure 9.9 mw/cm 4s MA6
4 Hard bake 110°C 2min 30 s Meitu programmable hot plate PHP-8
5 Development TMAH3038 50s
1 Coating film O, Plasma 200 W 2 min March glue
Coating film i
2 Metallized Ti 10 nm Electron beam evaporation COOK
Au 200 nm
Lift-off 1 Acetone was used for 5 min to peel off the specimen
1 Coating film O, Plasma 200 W 2 min March glue
Scribing i
2 Metallized Ti 10 nm Electron beam evaporation COOK
Au 200 nm

Separation 1 Soked in HF for 30 min.




