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Abstract: We presented an angle-multiplexing low refractive index dielectric metasurface for tera-
hertz absorption spectrum enhancement of lactose with high Q resonance properties. The unit cell
structure of the acrylonitrile butadiene styrene (ABS) square structure is designed and optimized.
The resonant peak shifts of the dielectric metasurface are analyzed by changing the incident angle
of the terahertz wave. Then the α-lactose films with different thicknesses are added to investigate
the enhancement effect. The resonant peak amplitude of the angle-multiplexing low refractive in-
dex dielectric metasurface absorption spectrum changes greatly with the absorption spectrum of
the samples. The results illustrate that the enhanced absorption spectrum formed by the linked
envelope can be up to 45 times stronger than that without the unit cell structures and also exhibits a
high-quality factor. The proposed dielectric metasurface provides great potential in enhancing the
terahertz absorption spectrum.

Keywords: dielectric metasurface; angle-multiplexing; terahertz absorption spectrum enhancement

1. Introduction

Terahertz wave usually refers to an electromagnetic wave with a frequency range
of 0.1–10.0 THz (1 THz = 1012 Hz), which has a better spatial resolution than the lower
microwave wave and a stronger penetration than the upper infrared light [1]. Terahertz
waves can directly detect the unique fingerprint of organic biomolecules and exhibit great
application value in biosafety, security, environmental protection, and other fields [2].
However, the terahertz absorption spectrum measurements of trace matter are still very
challenging. Current direct measurement of the terahertz absorption spectrum of solid
samples based on the tablet-pressing technique usually requires several hundred milligrams
to several grams of material. To measure the responses of the trace amount of samples to the
terahertz waves, additional enhanced structures are needed to boost the interaction between
the samples and the electromagnetic waves, such as photonic crystal fibers [3], resonant
cavity [4], metal grating [5], metal split ring resonator [6], dielectric metasurface [7–11], and
other structures. Similar to the structures used in the visible and infrared band [12–14], the
metasurface structures composed of sub-wavelength structure arrays are the main class of
sensitive structures [15,16].

Most of the current terahertz or other bands metasurface high sensitivity sensors are
prepared based on the principle that the single-frequency resonance peak of the high Q
resonant structure changes with the refractive index of the trace amount samples [17–20].
These high-Q structures can only enhance the interaction between the electromagnetic
waves and the substance at a single frequency point and cannot identify the broad char-
acteristic absorption spectrum of the trace analyte. The parametric multiplexed terahertz
metasurface can utilize multiple metasurfaces with different-size unit structures or multiple
incident wave angles to generate a series of resonance peaks to enhance the interaction
between electromagnetic waves and matter. In particular, the amplitudes of these resonance
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peaks change with the absorption spectrum of the samples, the envelope is consistent with
the shape of the characteristic absorption spectrum of the samples, and the amplitude is
greatly increased compared with the unenhanced absorption spectrum. This multiplexing
mechanism can directly and significantly enhance the terahertz fingerprint absorption
spectrum of trace amounts of samples, demonstrating great application value.

In 2019, Leitis et al. combined the high-Q dielectric metasurface supporting the bound
state in the continuum (BIC) with angle multiplexing; the produced resonant peaks can
cover a wider band in the mid-infrared range [21]. In particular, the peak amplitude changes
drastically with the absorption spectrum of the trace amount of samples. The amplitude
of the analyte absorption spectrum composed of the resonance peak envelope is 50 times
that of the direct measurement, and the detection sensitivity is about 3000 molecules/µm2.
In their other work, the absorption spectrum was enhanced 60-fold based on geometric
multiplexing [22]. Zhong et al. obtained the terahertz absorption spectrum of a 5 µm thick
lactose film based on a similar structure using angle multiplexing; the detection sensitivity
reached 59.35 mg/cm2 [23]. However, the structure requires thinning of quartz wafer
and bonding with quartz substrate, and the fabricating process is complex. Zhu et al.
enhanced the absorption spectrum of hBN in the infrared band, with an increase of about
31.6 times [24]. The absorption spectrum of lactose and 2.4-DNT was enhanced about
20 times in the terahertz regime [25]. Unfortunately, the building process also needs
high-cost photo-lithography technology.

In this paper, a metasurface structure with quartz substrate and acrylonitrile butadiene
styrene (ABS) microstructures is proposed, which has a low-refractive index and high Q
resonance characteristics. The resonance peak frequencies of the metasurface response
spectrum related to different terahertz wave incident angles can cover 0.5–0.57 THz. Based
on the multipole decomposition method, it is confirmed that the resonances at the incident
angles of 15◦, 25◦, 35◦, and 45◦ are dominated by the magnetic toroidal dipole. When the
metasurface structure is covered with the 1–3 µm lactose film as the analyte, the amplitude
of the resonance peak corresponding to different incident angles changes obviously with
the absorption spectrum of the analyte, and the absorption spectrum composed of the
envelope of the resonant peaks is about 45 times higher than the directly calculated value
without the metasurface structure. The designed metasurface exhibits great potential for
enhancing the terahertz absorption spectrum, which can be used to detect trace organic
substances with different characteristics. Furthermore, the fabrication process is relatively
simple with 3D printing technology and easy to be applied in practice.

2. Structure and Concept

The dielectric metasurface structure designed in this paper is shown in Figure 1a,
which is composed of two square structures periodically arranged on the substrate. The
material of the microstructures is ABS, which has the advantages of low refractive index,
low cost, and high Q resonance characteristics. The structure of two squares in the unit cell
can effectively improve the quality factor of the metasurface because they can support the
bound states in a continuum with a higher Q value [26]. The use of this material can reduce
the manufacturing difficulty of 3D printing and is conducive to practical applications. This
metasurface can be fabricated by the commercial 3D printer using the heating extrusion
method with ABS. The refractive index of ABS is about 1.67 [27] in the terahertz band. The
substrate material is SiO2, with a refractive index of 1.95 [28,29]. Figure 1b depicts the unit
cell structure of the dielectric metasurface, and the geometric parameters are Px = 400 µm,
Py = 400 µm, w = 180 µm, g = 20 µm, h = 500 µm, and t = 85 µm. To investigate the terahertz
absorption spectrum enhancement ability of the metasurface, the FEM method is treated to
study the response characteristics in the terahertz band. In the simulation process, the x
and y directions are set as the periodic boundaries, and the z direction is set as the open
boundary. The terahertz wave with TM polarized state is incident on the metasurface with
the incidence angle of α.
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Figure 1. Schematic of terahertz absorption enhancement detection based on the angle-multiplexing
of the dielectric metasurface. (a) Angle-multiplexing principle of dielectric metasurface with the
several incidence angles of α, such as α1–α4; (b) The unit cell structure of the metasurface. The
transverse magnetic field H of TM polarized incident wave is along the y-axis.

3. Results Unit Cell Structure Design and Optimization

First, we investigated the effects of the terahertz wave incident angle and the geometric
parameters of unit cell structure on the form of a high Q resonance peak in the reflection
spectrum. The high Q resonant peak means that the electromagnetic wave with the resonant
peak frequency generates a strong local field around the micro-structure of the dielectric
metasurface, which can enhance the interaction between the electromagnetic wave and the
trace amount of samples. This phenomenon is the main physical basis for the subsequent
absorption spectrum enhancement. Figure 2a,b illustrate the reflection spectrum of the
metasurface in the frequency band of 0.5–0.57 THz with different terahertz wave incident
angles and the w of the metasurface unit cell structure. The incident angle α of the terahertz
wave is changed in the range of 20◦ to 40◦, and the width w of the square varies from
120 µm to 200 µm. By optimizing the unit cell structure, the resonant peak is located around
0.53 THz with a high Q value so that the resonant peak can cover a wider frequency band
centered at 0.53 THz by angle scanning. When α scans from 20◦ to 40◦, the resonant peak
exhibits a blue shift trend, essentially covering the range of 0.5–0.57 THz. When w changes
from 120 µm to 200 µm, the resonant peak demonstrates the red-shift trend, and the range
of the shift is relatively small. The reason for the blue shift of the resonant frequency is that
the equivalent resonant volume increases due to the increase of the incident angles during
the scanning process, resulting in an increase of the resonant frequency [21].
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In addition, the effects of terahertz wave incidence angles and unit cell structure
parameters on the Q value of the metasurface reflection spectrum are investigated and
shown in Figure 2c,d. When the incident angle α increases from 20◦ to 40◦, the Q value
gradually increases and remains above 200, indicating that the unit cell structure provides
a better electromagnetic field confinement ability. Then when w increases from 120 µm to
200 µm, the Q value greatly decreases, and the electromagnetic field confinement ability
weakens. The Q value can be further improved by optimizing the geometry parameters,
which will achieve better-enhancing performance for the trace sample absorption spectrum
in the future, though the Q value is relatively smaller than those structures with higher
refractive index material such as Si and GaAs.

4. Discussion

Here, the α-lactose with a characteristic absorption peak around 0.53 THz is used as the
analyte to simulate and verify the terahertz absorption spectrum enhancement metasurface
structure. And it is relatively inert, nonpoisonous, and easily available. Figure 3a gives
the real and imaginary parts of the α-lactose dielectric constant calculated based on the
Lorentzian model as follows [30]:

εr = ε∞ +
∆εpω2

p

ω2
p − ω2 − jγpω

(1)
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(d) absorption of the lactose-coated quartz substrate.

Here, ε∞ = 2.08 denotes the off-resonance background permittivity of lactose,
ωp/2π = 0.53 THz, and γp/2π = 25.2 GHz is the angular frequency and damping rate of the
first absorption oscillation, respectively, and ∆εp = 6.54 × 10−3 is the oscillation strength
factor. The corresponding real and imaginary parts of permittivity during 0.45–0.6 THz are
illustrated in Figure 3a.

We first coat the α-lactose films with a thickness of 1–3 µm directly on the quartz
substrate. In addition, then the reflection, transmission, and absorption are calculated
and shown in Figure 3b–d. It can be seen from Figure 3d that the directly measured
terahertz absorption of the thin film sample is very small, and it is only about 0.015 for the
α-lactose film with a thickness of 3 µm. This is easily overwhelmed by the noise in actual
measurement and can not be measured. Therefore, metasurfaces are required to provide
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locally enhanced electromagnetic fields to boost the interaction between the electromagnetic
waves and the samples.

As shown in Figure 4a, the α-lactose films with a thickness of 3 µm are coated on the
surface of the unit cell structure, and the terahertz wave with TM polarization is incident
on the metasurface with the incident angle increasing from 20◦ to 45◦ with a step of 1◦.
As illustrated in Figure 4b,c, the resonant peak amplitudes of the reflection coefficient
and transmission coefficient of the metasurface remain unchanged with the incident angle
when the lactose films are not coated. From Figure 4d,e, when the α-lactose films with
a thickness of 3 µm are coated on the metasurface, the resonant peak amplitudes of the
reflection and transmission change significantly with the incident angle. Figure 4f shows
the absorption rates of the lactose-coated metasurface with different incident angles, and
the envelope built by linking these resonant peaks can serve as the enhanced lactose
absorption spectrum. Compared with the absorption spectrum measured directly without
the dielectric metasurface structures, the peak amplitude of the absorption spectrum with
the metasurface structure is enhanced by a factor of 24.8. The above results demonstrate
that the terahertz absorption spectrum enhancement effect of the metasurface structure
here is obvious.
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Figure 4. Terahertz absorption spectrum enhancement of the dielectric metasurface without and
with α-lactose coatings based on the angle-multiplexing. (a) The unit cell structure of the dielectric
metasurface coated with α-lactose films; (b) reflection and (c) transmission of the metasurface without
α-lactose coatings; (d) reflection and (e) transmission of the metasurface coated with 3 µm α-lactose;
(f) absorption of the metasurface coated with 3 µm α-lactose compared with the no-coating situation.

To further illustrate the absorption spectrum enhancement mechanism of the dielectric
metasurface proposed in this paper, the electric field intensity distributions of the resonant
frequencies for the unit cell structure with a 3 µm lactose film at four different incident
angles are investigated and shown in Figure 5. The four studied angles are 15◦, 25◦, 35◦,
and 45◦, corresponding to the resonant frequencies of 0.511 THz, 0.527 THz, 0.534 THz,
and 0.545 THz. The same field intensity color bars are used in the four plots. When the
resonant frequency is close to the lactose characteristic absorption frequency of 0.529 THz,
the field strength distributions around the square structures at 0.527 THz (Figure 5b) and
0.534 THz (Figure 5c) are higher than the field distributions of the frequencies of 0.511 THz
(Figure 5a) and 0.545 THz (Figure 5d). The above results indicate that the absorption peak
of the lactose and the resonance peak of the dielectric metasurface is effectively coupled,
and the change of the lactose absorption can significantly affect the electric field strength of
the resonance frequency, enhancing the terahertz absorption spectrum of lactose.

To study the electromagnetic and scattering properties of the designed metasurface,
scattered Cartesian powers for multipole moments are calculated based on the induced
current inside of the nanoparticle [31–33]. Thus, the multipole contributions can be iden-
tified. The detailed expressions can be obtained in our previous work [34]. When the
TM-polarized terahertz wave incidents on the metasurface, qualitative analyses of the
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resonant situation with four different incident angles (15◦, 25◦, 35◦, 45◦) are performed, and
the results are illustrated in Figure 6. The P, M, QE, QM, ET, and MT are the electric dipole,
magnetic dipole, electric quadrupole, magnetic quadrupole, electric toroidal dipole, and
magnetic toroidal dipole, respectively. In Figure 6, the results demonstrate the resonance is
dominated by the magnetic toroidal dipole. It can be concluded that the mode is a magnetic
toroidal dipole mode between single squares.
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frequency of 0.527 THz; (c) Incident angle of 35◦ with a resonant frequency of 0.534 THz; (d) Incident
angle of 45◦ with the resonant frequency of 0.545 THz.
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Next, we investigate the influence of lactose thickness on the terahertz absorption
spectrum enhancement. Here, the absorption spectrum enhancement effects of the meta-
surface with 1–3 µm lactose film coatings have been investigated. The enhanced absorption
spectrum of each lactose thickness can be achieved based on the extraction of dielectric
metasurface resonance peaks and envelop linking, as shown in Figure 7a–e, with the thick-
ness of lactose increasing from 1 µm to 3 µm in a step of 0.5 µm. Figure 7f shows the
comparison results of the enhanced absorption spectrum with different lactose thicknesses.
The amplitude of the enhanced absorption spectrum increases with the lactose thickness,
and the increasing degree gradually becomes smaller, basically consistent with the Lambert-
Beer law. Compared with the lactose film of the same thickness without enhanced structure,
the absorption spectra are enhanced by 45 times, 37.1 times, 32.13 times, 31.78 times, and
24.8 times for the lactose thicknesses of 1 µm to 3 µm, respectively.
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At last, we compared our work with the reported results of dielectric metasurfaces or
gratings with different multiplexing technologies in Table 1. It is demonstrated that the
proposed metasurface has better enhancement performance than its terahertz counterpart.

Table 1. Comparison of absorption spectra enhancement performances of present metasurfaces or
gratings based on multiplexing technology and our designed structure.

Ref. Cell Structure Analyte Multiplexing
Mode Working Band Absorbance Peak

Enhancement Factor

[21] Dielectric Pair
Pillars PMMA Angle of incident Mid-infrared ~50 times

[22] Dielectric Pair
Pillars PMMA Geometry Mid-infrared ~60 times

[24] Dielectric
Grating hBN Angle of incident Mid-infrared ~30 times

[25] Dielectric
Grating
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This method is realized by treating the angle multiplexing operation. The metasurface
substrate is quartz, and the cuboid unit cell structure is ABS polyamide. The resonant
peak frequencies of the metasurface structures corresponding to different terahertz wave
incident angles can cover the frequency range of 0.50–0.57 THz, and the Q factor is higher
than 100. When the lactose films with thicknesses of 1–3 µm are coated on the metasurface,
the amplitude of the resonance peak corresponding to different incident angles varies
substantially with the absorption spectrum of the samples. The absorption spectrum
composed of the envelope is up to 45 times stronger than the directly calculated value.
The results demonstrate that the designed dielectric metasurface shows great potential
to enhance the terahertz absorption spectrum through angle multiplexing, which can be
optimized to detect a trace amount of samples with different characteristic peaks.
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