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The promising prospect of a terahertz metasurface in sensing and detection applications has attracted increasing
attention because of its ability to overcome the classical diffraction limit and the enhancement of field intensity. In
this work, a novel scheme based on an all-silicon terahertz plasmon metasurface is proposed and experimentally
demonstrated to be a highly sensitive biosensor for the Bacillus thuringiensis Cry1Ac toxin. The regression co-
efficients between Bacillus thuringiensis protein concentrations and the spectral resonance intensity and fre-
quency were 0.8988 and 0.9238, respectively. The resonance amplitude variation and frequency shift of the
metasurface were investigated in terms of both thickness and permittivity change of the analyte, which reflected
the protein residue in the actual process. Moreover, the reliability and stability of the metasurface chip were
verified by time period, temperature, and humidity control. These results promise the ability of the proposed
metasurface chip as a Bacillus thuringiensis protein sensor with high sensitivity and stability. In addition, this
novel device strategy provides opportunities for the advancement of terahertz functional applications in the fields
of biochemical sensing and detection. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.450017

1. INTRODUCTION

To increase production effectivity and enhance the adversity
resistance of plants, genetic modification technology has been
recommended to meet the demand of the ever-growing human
population, among which the insertion of an insect-resistant
gene is the most important genetically modified (GM) crop
[1]. The insertion of a foreign gene expressing the Bacillus thur-
ingiensis (Bt) Cry1Ac toxin is widely used in crop production
because of its high effectiveness on crop-destroying insects.
However, planting GM crops is still controversial because of
biosafety [2]. Despite the economic, health, and environmental
benefits in some cases, many countries impose mandatory la-
beling and strict monitoring on foods harvested from GM crops
because of concerns over the lack of safety of crops and delayed
or unforeseen effects on human health or the environment [3].
However, it is inevitable to prevent GM crops without authori-
zation from illegally flowing into the market, and therefore it is
necessary to detect the agricultural products in circulation on

the market. At present, two primary approaches have been de-
veloped to carry out GM crop detection: the first is to detect
inserted foreign genes, typically, through polymerase chain re-
action; the second is to detect proteins specifically expressed in
GM crops. Those methods have been successfully implemented
into a series of actual testing needs; however, higher expenses
and dependence on sophisticated equipment and skilled per-
sonnel are inevitable. For this reason, there is a need to develop
an efficient, fast, and low-cost technology for Bt protein
detection.

Low photon energy properties and nonionizing characteris-
tics enable a terahertz (THz) wave to detect biochemical mol-
ecules without critical damage or ionization side effects. In
particular, the enhancement of trace amount biochemical mol-
ecules and THz wave interaction mediated by metasurfaces has
been highly anticipated. The metasurface is an artificial peri-
odic array of an exquisitely designed unit resonator [4–6].
Inductor (L) and capacitor (C), dipole, multipole resonance
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caused by the resonator, and the surface plasmon polariton
mode excited by periodic arrays lead to huge electromagnetic
field (EM) enhancement at the interface. Therefore, the meta-
surface array is extremely sensitive to variations of the surround-
ing dielectric environment, for instance, when analyte covers it.
The effect of the analyte will be reflected in the spectral varia-
tion of the metasurfaces, such as resonance frequency change
and amplitude variation, which enable the metasurface to iden-
tify small spectral perturbations and thus work as a sensor
[7–9]. It has been reported that a metasurface has been used
as a sensor in biochemical detection fields, such as carbendazim,
sugar, cancer cell, and pesticide residue detection using a metal
array structure, as well as sensing of deep subwavelength thick-
ness film [10–13]. However, the sensing of the Bt protein using
an all-silicon metasurface has not been reported. The limita-
tions described above for Bt protein sensing and the feasibility
of the metasurface sensor led us to propose an alternative for Bt
protein detection.

In this paper, we propose an all-silicon plasma metasurface
(APM) for high sensitivity Bt protein sensing applications.
Specifically, we implement both surface plasmon polariton res-
onance and dipole resonance on the structured silicon surface,
which provides extremely strong localized EM confinement
surrounding the unit cell structure. This enhanced field delivers
variation of the surrounding analyte to the spectra. The unit
cell of the designed metasurface is similar to the complementary
metasurface based on metal material [14], and the patterns of
the periodic arrays are etched downward on the silicon surface
by deep reactive-ion etching. By performing regression analyses
on spectra of the treated metasurface, the relations among
spectral frequency shifts, absorbance variations, and various
Bt protein concentrations can be obtained. In addition, the dis-
tribution of Bt protein residues on metasurface samples was
estimated by analyzing the effects of different regions near
the metasurface on the spectral changes, which has strong im-
plications for confirming the location of protein residue in the
actual process. Last, we show the reliability and stability of the
metasurface chip by time period, temperature, and humidity
control. These results prove that this APM can be used as a
fast and accurate sensing tool for the determination of trace
Bt protein, which provides feasibility for various applications
in biological science.

2. DESIGN AND STRUCTURE

Figure 1(a) shows the schematic of the fabricated APM. The
periodical repetition of unit cells constitutes devices with a
structural area (8mm × 8mm) greater than the spot diameter
of THz radiation (3 mm). The unit cell is concave inward with
C2-symmetry, as shown in Fig. 1(b). The resonator consists of
two opposing T-shaped pillars. The unit resonator has a re-
peated period of p � 248 μm, substrate thickness of
307 μm, and etching depth of 47 μm; the short side linewidths
and lengths of two opposing T-shaped pillars close to the unit
center are wg � 24 μm and l g � 86 μm, and for short sides
away from the center are wh � 24 μm and l h � 55 μm,
respectively.

3. RESULTS AND DISCUSSION

A. Simulation Analysis of APM
To determine the resonance characteristics of the APM, a series
of simulations based on finite difference time-domain (FDTD)
techniques was carried out. The intense resonance is shown in
Fig. 1(c). The simulated absorbance spectrum shows that the
designed structure has characteristic resonances at 1–1.75 THz
frequency range, a strong absorbance peak at 1.33 THz, and a
relatively weak peak at 1.63 THz. Moreover, we verified the
electric and magnetic field distributions, and current density
at the resonance frequency. For resonance at 1.33 THz, it is
clear to see that the electric field is concentrated near the
top of the opposing T-shaped pillar from the electric field dis-
tribution shown in Fig. 1(e). The magnetic field is mainly dis-
tributed in the direction orthogonal to the incident electric
field, as shown in Fig. 1(g). These field distribution patterns
reveal that this resonance is mainly caused by localized re-
sponses in the cavity outside the T-shaped pillar, which means
the structural periodic array can be treated as a waveguide array
[15]. The incident THz waves were diffracted by the periodic
metasurface array, and surface plasmon polaritons were sup-
ported by the bound mode surrounding the T-shaped pillar
when diffraction satisfied phase matching [16,17]. In addition,
as shown in Fig. 1(i), the direction of the oscillating currents on
top of the T-shaped pillar is constantly changing (along the top
of the T-shaped pillar), which means that the device is
extremely sensitive to the dielectric environment variation at
the location. We also analyzed the distributions of the electric
and magnetic fields, and current density at 1.63 THz, as shown
in Figs. 1(d), 1(f ), and 1(h). The electric field is chiefly focused
in the cavity on either side of the T-shaped column, and the
enhanced area becomes relatively larger, which means the re-
duction of field confinement ability. For the magnetic field,
the field is mainly focused at four corners of the cavity.
Despite being relatively weak, the profile of resonance mode

Fig. 1. (a) Schematic of the designed APM. (b) Illustration of the
unit cell. (c) Normalized absorbance spectrum obtained from simula-
tion. (d), (e) Electric and (f ), (g) magnetic field distributions, and (h),
(i) current density for 1.63 THz and 1.33 THz, respectively.
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at 1.33 THz can be distinguished from the magnetic field dis-
tribution at 1.63 THz, as shown in Fig. 1(f ). As might be ex-
pected, this demonstrates the existence of coupling between
two resonance modes. The coupling of these two resonance
modes results in the absorption characteristics shown in
Fig. 1(c).

B. Measurements of APM
To experimentally demonstrate the properties of the APM, we
utilized conventional microfabrication techniques involving
photolithography and deep reactive ion etching to fabricate
it, and the resistivity of the doped silicon is 0.013 Ω · cm.
Figure 2(a) shows the optical image of the fabricated device.
The effective area is about 0.8 cm × 0.8 cm. Figure 2(b) shows
the top view micrograph of the fabricated devices, and the scan-
ning electron microscope (SEM) image of the cross section of
the unit is shown in the inset.

A THz time-domain spectrometer (TDS) in reflected mode
was applied to measure the absorbance spectrum because the
highly doped silicon almost completely isolated the transmis-
sion signals. The experimental spectra shown in Fig. 2(c)
exhibit a distinct peak at 1.33 THz and a relatively flat peak
attached to it at about 1.63 THz, which is consistent with the
simulated results.

C. Equivalent of APM
The localized electro-magnitude confinement surrounding the
resonator units means that the geometric features of the APM
play a major role in resonance, which determines the resonance
intensity and frequency. Therefore, we divide the designed
metasurface into a resonant layer (RL) and a substrate layer
(SL) and calculate the absorbance spectrum quantitatively using
the transfer matrix method (TMM) [18–20]. The equivalent
permittivity of RL can be obtained by fitting, and of SL can
be expressed by the Drude model. The calculated spectrum is
shown in Fig. 2(c) and marked with a square. The effective
refraction indices of the RL and SL are shown in Figs. 2(d)

and 2(e). Details can be found in Appendix A. The equivalent
strategy of the RL layer actually reflects the property of APM.
The RL layer is similar to the anti-reflective layer coated on the
silicon substrate. The incident THz wave undergoes complex
reflection processes in the RL, which has a practical effect on
the resonance, resulting in resonance absorption.

D. Bt Protein Sensing
We experimentally demonstrated that the proposed THz meta-
surface can act as an extremely sensitive and stable sensor for Bt
protein sensing. The schematic diagram of the detection for the
variable concentrations of Bt protein solution is shown in
Fig. 3(b). In experimental measurement, Bt protein solutions
(at concentrations of 5 ppm, 10 ppm, 20 ppm, 50 ppm,
80 ppm, 100 ppm, 150 ppm, 200 ppm, 250 ppm,
300 ppm, 350 ppm, 400 ppm, 450 ppm, and 500 ppm;
ppm, parts per million) were dripped on the surface of the
APM, and then the devices were placed in a dehumidified ni-
trogen environment to avoid the influence of water vapor. The
residual protein crystals remained in the gap and therefore dis-
turbed the dielectric environment on the surface, which led to
absorption spectral changes.

As shown in Fig. 3(a), there is a variation in both peak ab-
sorbance intensity and central peak frequency, which shows the
particular trend. The boxed inset gives a zoomed view of the
spectra. For the sake of intuition, analyses of regression were
carried out. Regression analysis of the absorbance intensity
and resonant frequency of the resonance peak results in the
curves plotted in Figs. 3(c) and 3(d). The absorbance intensity
tended to increase with increasing Bt protein concentration,
and peak frequency shows a redshift trend. These results show
that both the absorbance peak and central frequency of reso-
nance had good linear correlations with Bt protein concentra-
tions ranging from 5 to 500 ppm. Additionally, the absorbance
intensity shift of the treated APM, from 5 to 500 ppm, was
0.405 (a.u.), accounting for 14% of the bare APM (ΔAmp,
rate of resonance amplitude change), and its frequency shift
(Δf ) was 50 GHz. The variation of the concentration of

Fig. 2. (a) Picture of APM. (b) Microphotograph of the APM.
Inset: scanning electron microscope (SEM) image of the cross section.
(c) Absorbance spectra of the designed APM obtained from the experi-
ment, simulation, and effective media theory. (d) Effective refraction
index of the resonance layer (RL), and (e) of the silicon substrate
(substrate layer, SL) expressed by the Drude model.

Fig. 3. Measurements of absorbance spectra of Bt protein deposited
on the metasurface, with solution concentrations of 5 ppm, 10 ppm,
20 ppm, 50 ppm, 80 ppm, 100 ppm, 150 ppm, 200 ppm, 250 ppm,
300 ppm, 350 ppm, 400 ppm, 450 ppm, and 500 ppm. (b) Schematic
diagram of APM detection of Bt protein. Regression results between
protein solution concentrations and (c) peak intensity and
(d) peak frequency. (e) Frequency shift and amplitude change in other
references.
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the Bt protein solutions results in a frequency shift and ampli-
tude change of the resonance peak, which also indicates the
high sensitivity of the metasurface to the surrounding dielectric
environment. The sensitivities of the designed device are
8.4 × 10−2 GHz∕ppm and 6.9 × 10−4 ppm−1 for frequency
change and amplitude change, respectively. According to the
definition above, the sensing characteristics of THz metamate-
rials were compared, which proved that the frequency shift and
amplitude change of the designed APM are suitable for Bt pro-
tein sensing, as shown in Fig. 3(e) [21–35]. In particular, Lee
et al. realized sucrose concentration sensing with a minimum
concentration of 5 mg/dL [24], and H9N2 virus sensing
(0.1 mg/mL) [30]. Qin et al. realized tetracycline hydrochloride
sensing (0.01 mg/L) [25], and Li et al. realized the sensing of
bovine serum albumin (BSA, minimum concentration of
0.01 mg/L) [32]. Ahn et al. emphasized the importance of
the resonant area of the resonator for sensing applications
and realized the detection of yeast and Escherichia coli [22].

E. Analysis of Analytic Layer
To further analyze the mechanism of Bt protein-sensitive de-
tection by implementation of the designed metasurface, a series
of equivalent simulations was carried out. In the simulations,
the different thicknesses of dielectric analyte layers were ap-
plied, equivalent to the residue of different concentrations of
Bt protein solutions after drying. Considering that the metasur-
face samples are placed in parallel when treated with the protein
solution, the Bt protein residuals tend to attach on the parallel
surface of the metasurface (on the upper and lower surfaces of
the metasurface) according to a certain thickness ratio
f � t lower∕tupper (f � 0.01 in the simulation). The refractive
index of the protein is set as 1.5 according to the optical proper-
ties extracted from the experiment. The construction of the an-
alyte in simulation is shown in Fig. 4(b). Compared with the
results shown in Fig. 3(a), the variation trend of simulated ab-
sorbance spectra is consistent with the experiment results, as
shown in Fig. 4(a). The absorbance intensity tended to increase
with increasing analyte thickness, which showed a highly sig-

nificant linear relation, as shown in Fig. 4(c). Peak frequency
showed the redshift trend with increasing analyte thickness, as
shown in Fig. 4(d), which is almost the same as the measured
results.

In view of the fact that the electric field is distributed on
both upper and lower surfaces, we realized that the thickness
ratio between upper and lower surfaces will affect the absorb-
ance. Therefore, the analysis was carried out with f varied from
0.01 to 1. The simulated spectra of the design structure with
the analyte of varied f are shown in Figs. 5(a)–5(e). It is ob-
vious that the variation trend of the peak frequency of different
f has almost the same profile. Figures 5(f ) and 5(g) give the
peak intensity and peak frequency extracted from spectra of
different f . For absorbance intensity, the offset in absorbance
intensity is relevantly small while f is below 0.5, and it is al-
most consistent when f is below 0.1. The variation trends of
absorbance peak frequency remain almost unchanged, while f
is below 0.5. However, for the case of f � 1, the variation
trend makes a difference after the analyte layer exceeds 7 μm.
Therefore, combined with the experiment results shown in
Fig. 3(a), it can be inferred from the simulation results that
the distribution of the Bt protein residue on the metasurface
is uneven.

As an important characteristic representing the dielectric
environment surrounding the metasurface, the dielectric prop-
erties of the analyte layer are also worth further study.
Therefore, simulations of the designed metasurface covered
with an analyte layer of different permittivities were carried
out. The absorbance spectra with the analyte of different per-
mittivities are shown in Figs. 6(a)–6(h). The white arrows in-
dicate the direction of frequency change, and it is clear that the
white arrow has a clockwise rotation when ε increases from
1.25 to 5. These results suggest that the permittivity of the an-
alyte layer has a significant impact on absorbance peak fre-
quency. More intuitive results are shown in Fig. 6(j). With
the increase in permittivity, the frequency shift shows a steady
reduction. Also, the impact on the variation trend of peak

Fig. 4. (a) Simulation results of absorbance spectra of analyte at-
tached on the metasurface with thickness from 1 to 15 μm.
(b) Schematic diagram of detection simulation. Regression results be-
tween analyte thickness and (c) peak intensity and (d) peak frequency.

Fig. 5. Simulated absorbance spectra of metasurface attaching vary-
ing thickness analyte when (a) f � 0.01, (b) f � 0.1, (c) f � 0.3,
(d) f � 0.5, and (e) f � 1. Plot of the relationship between analyte
thickness and (f ) peak intensity and (g) peak frequency.
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intensity is quite obvious, as shown in Fig. 6(i). The increase in
permittivity reduces the absorbance intensity shift when the
analyte thickness increases from 1 to 15 μm.

F. Stability of APM
Additional reliability experiments of temperature, humidity,
and time period were tested to determine the stability of the
designed metasurface, and corresponding results are shown
in Fig. 7. A Bt protein solution of 5 ppm concentration was
dropped on the surface of the APM, and the averaged value
of the spectra was obtained through five repeated scans. As
shown in Figs. 7(a) and 7(b), the spectra and peak intensity
were measured every 10 min in a continuous process for

150 min. The absorbance spectra showed the stability of the
time period. The peak intensity was basically concentrated
on the average value of 2.95. Figures 7(c) and 7(d) show
the measured spectra at various humidities. At a temperature
of 24°C, we tested the spectrum and peak intensity when
the humidity was controlled at 46%, 48%, 50%, 53%,
55%, 60%, 62%, 65%, 67%, 70%, and 75%. The maximum
drift of the averaged value was 0.08, which shows the satisfac-
tory stability of the devices. Figures 7(e) and 7(f ) show the spec-
tra and peak intensity measured at 10 different temperatures
(21.5°C, 22°C, 22.5°C, 23°C, 24°C, 24.5°C, 25°C, 25.5°C,
26.5°C, and 27°C) at a humidity of 40%. The variation is less
than 0.08. This indicates that the device can maintain good
reliability when temperature is in the room temperature range.
The temperature rise makes a minimal impact on peak inten-
sity, as shown in Fig. 7(f ). This insignificant increase in peak
intensity (less than 0.09) is due to the enhancement of the ther-
mal motion of molecules caused by rising temperature, which
results in a slight increase in absorbance intensity. The error
fluctuation in multiple continuous measurements was mainly
caused by the internal instability of the THz-TDS system; how-
ever, the result was stable and reliable when we measured re-
peatedly and carried out averaging. A series of experimental
results has proved that this APM sensor has good stability
for the time period, humidity, and temperature.

4. CONCLUSION

In conclusion, we experimentally demonstrate that an all-
silicon THz metasurface based on structurally doped silicon
can be used as a platform for Bt protein sensing. Both intensity
and resonance frequency of absorbance spectra satisfy the linear
relation with the solution concentration, which allows us to
measure accurately concentrations of Bt protein solutions.
The same spectral trend was obtained in the simulation and
revealed that this linear relation can be attributed to the uneven
protein residue attached to the APM. The impact of our work
lies in providing a path for innovative designs and realization
not only for a biosensor based on APM but also a research idea
for analysis of the attached residue.

APPENDIX A

1. Simulations and Drude Model
Simulations were carried out based on the finite integration
technique. The perfect electric condition (PEC) boundary is
selected in the x direction, and the perfect magnitude condition
(PMC) boundary is selected in the y direction and is open in
the z direction. The substrate silicon dispersion relation is de-
scribed by the Drude model [36]

ε � ε0 −
ω2
p

ω2 � iωγ
, (A1)

where ε0 � 11.7 is the intrinsic dielectric constant, γ �
3.9 × 1013 s−1 is Drude collision frequency, ωp �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne2∕m0ε0

p

is plasma frequency, and n is the doped carrier density of the
silicon, which includes contributions from the n-doped elec-
trons. The analyte is set as lossy material, with a loss tangent
of 0.0027.

Fig. 6. (a)–(h) Simulated absorbance spectra of metasurface attach-
ing varying thickness analyte when ε varies from 1.25 to 5. Plot of the
relationship between analyte thickness and (i) peak intensity and
(j) peak frequency.

Fig. 7. Stability properties of APM under different factors.
(a) Absorbance spectra over continuous testing and (b) stability of peak
intensity within 150 min; (c), (d) stability tested under different hu-
midities; and (e), (f ) stability tested under different temperatures.
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2. Transfer Matrix Method
The propagation of the THz wave is equivalent to passing
through stacked layers (air–RL–SL–air; 1/2/3/4). The reflec-
tion and transmission coefficients for normal incidence can
be expressed by the following equations:

r� r12ei�−δ2−δ3�� r23ei�δ2−δ3�� r34ei�δ2�δ3��r12r23r34ei�−δ2�δ3�

r12r23ei�δ2−δ3��r23r34ei�−δ2�δ3�� r12r34ei�δ2�δ3��ei�−δ2−δ3�
,

(A2)

t� t12t23t34
r12r23ei�δ2−δ3� � r23r34ei�−δ2�δ3� � r12r34ei�δ2�δ3� � ei�−δ2−δ3�

,

(A3)

where δm is phase delay in the layer, and rmn and tmn are the
reflection and transmission at the interface between different
layers, respectively. rmn and tmn can be calculated by the
Fresnel equations

rmn �
nm − nn
nm � nn

and tmn �
2nm

nm � nn
: (A4)

The refractive index of SL was obtained by the Drude model
as expressed above, and the effective refractive index of RL was
obtained by theory fitting.

3. Protein Sample Preparation and Terahertz Data
Acquisition
The reflection and Cry1Ac protein standard in solid-state pow-
der (analytical grade ≥ 85%) was purchased from Aoke Biology
Research Co., Ltd. (Beijing, China). First, 5 mg/mL Bt protein
solution was prepared by mixing 5 mg of Bt protein standard in
1 mL double-distilledH2O. Subsequently, Bt protein solutions
at concentrations of 50–500 μL/mL were prepared by diluted
5 mg/mL solvent. All the metasurface absorbers used in the
experiment were cleaned with anhydrous ethanol in a beaker
for 5 min before taking the THz data. Bt protein solutions
of different concentrations were dropped on the surface of
the metasurface absorbers and dried under laboratory
conditions at a temperature of 24°C and relative humidity
of 60%. THz spectral measurements were performed using
a THz time-domain spectroscopic system CCT-1800 (China
Communication Technology Co., Ltd., Shenzhen, China) in
reflection mode. All absorption spectra were the average results
of 15 scans per measurement.
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