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Abstract. A high-sensitivity sensing technique was demonstrated based on a flexible terahertz dual-band meta-
material absorber. The absorber has two perfect absorption peaks, one with a fundamental resonance (f,) of the
structure and another with a high-order resonance (f,) originating from the interactions of adjacent unit cells. The
quality factor (Q) and figure of merit of f, are 6 and 14 times larger than that of f,, respectively. For the solid
analyte, the changes in resonance frequency are monitored upon variation of analyte thickness and index; a
linear relation between the amplitude absorption with the analyte thickness is achieved for f,. The sensitivity (S)
is 31.2% refractive index units (RIU~") for f, and 13.7% RIU~" for f,. For the aqueous solutions, the amplitude of
absorption decreases linearly with increasing the dielectric constant for the ethanol-water mixture of f4. These
results show that the designed absorber cannot only identify a solid analyte but also characterize aqueous sol-
utions through the frequency shift and amplitude absorption. Therefore, the proposed absorber is promising for
future applications in high-sensitivity monitoring biomolecular, chemical, ecological water systems, and aqueous

biosystems. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this
work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.0E.56.2.027104]
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1 Introduction

Nondestructive, highly sensitive sensing techniques are
desirable in detecting new chemical and biological samples,
especially for ecological water systems and aqueous solu-
tions. Detection techniques for new chemical or biological
materials have been employed through numerous physical
and chemical methods.'™ However, such approaches often
require adding an appropriate marker, which may cause the
sample to be modified before its reaction with materials.>~
Therefore, it is necessary to develop the detection techniques
for reliable and effective label free testing.

Terahertz (THz) metamaterial sensors have attracted con-
siderable interest as a promising detection tool because of the
THz wave characteristics of low photon energy, which can be
detected without damage to materials.'>"'* Recently, THz
metamaterial sensors have been used in the nondestructive
and label-free detection of materials.'*'® However, the sen-
sitivity of the previously reported metamaterial biosensors is
relatively lower due to the radiative and nonradiative loss.
Most detection techniques were carried by different shifts in
resonance frequency and rarely considered the changes in
amplitude resonance. Furthermore, few reports are available on
aqueous solution sensing based on THz metamaterials.'®>*

In this paper, we report a highly sensitive sensing tech-
nique for monitoring materials by THz dual-band metama-
terial absorber. We propose the absorber based on double-
cross metallic lines owing to the symmetry with sixfold rota-
tional symmetry and the sensing capabilities in terms of the
change in resonance frequency and the amplitude absorption.
There are two strong narrowband absorption peaks of funda-
mental resonance f; and another with a high-order resonance

*Address all correspondence to: Lan-Ju Liang, E-mail: lianglanju123@163.com
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f>. In addition, the quality factor (Q) and figure of merit
(FOM) of f, are 6 and 14 times larger than that of f, respec-
tively. Most importantly, a linear relation between the ampli-
tude absorption and the analyte thickness was achieved for
the resonance f,. By studying the ethanol-water mixture, we
also demonstrated that the amplitude absorption decreased
linearly when increasing the dielectric constant for the res-
onance f;. Therefore, the proposed THz metamaterial
absorber can be applied to identify biomolecular, chemical,
and explosive solvent types and to determine the correspond-
ing concentrations.

2 Sensor Design and Discussion

2.1 Terahertz Metamaterial Absorber

The proposed THz flexible absorber is illustrated in Fig. 1(a)
and consists of three layers. The top layer includes a double-
cross metallic line structure patterned on the flexible poly-
imide (PI) film with a thickness of 10 ym, and the bottom
layer and metallic line structure are 200-nm-thick gold
film. The dielectric constant and loss tangent of PI are 3.1
and 0.05, respectively. The thickness of the designed flexible
absorber is 10.4 ym. The unit cell of the absorber is shown in
Fig. 1(b), and the geometric parameters are L = 72 um,
w =6 um, and p, = p, = 100 ym. Figure 1(c) shows the
simulation absorption spectra of the absorber through CST
Microwave Studio. The unite cell boundary conditions with a
tetrahedral mesh were used in the frequency domain solver,
in which case the wave ports were automatically added in
the direction of normal incidence to the substrate. The
amplitude of the transmission S21 and the reflection S11
were obtained and the absorption was calculated using
A =1-R-T = 1-S}, —S},, where S, is zero across the
entire frequency range due to the metallic ground plane.

February 2017 « Vol. 56(2)


http://dx.doi.org/10.1117/1.OE.56.2.027104
http://dx.doi.org/10.1117/1.OE.56.2.027104
http://dx.doi.org/10.1117/1.OE.56.2.027104
http://dx.doi.org/10.1117/1.OE.56.2.027104
http://dx.doi.org/10.1117/1.OE.56.2.027104
http://dx.doi.org/10.1117/1.OE.56.2.027104
mailto:lianglanju123@163.com
mailto:lianglanju123@163.com

Yan et al.: Solid analyte and aqueous solutions sensing based on a flexible terahertz dual-band metamaterial absorber

* ¥ %
* K ¥

* % ¥

Q8.9 Q,=55

Absorption

- 0.0 :
04 0.

12 16 20 24 28

I P,
(a) (b)

Frequency (THz)

(©

Fig. 1 (a) Structure schematic of the proposed flexible absorber. (b) Unit cell of the absorber, the
geometrical parameters are L =72 ym, w = 6 um, and p, = p, = 100 ym. (c) Simulation absorption

spectra of the designed flexible absorber.

The unit cell was subject to the periodic boundary conditions
in the x- and y-directions and open for the z-direction in free
space. The magnetic and the electric fields were parallel to
the x- and y-axes, respectively.

Two distinct absorption peaks are located at around 1.08
(f1) and 2.77 THz (), with absorptions of over 99.4%. Their
qualities Q were 8.9 for f, and 55 for f, (Q = f/FWHM,
where FWHM is the full width at half maximum and f is
the frequency of the absorption peak). The Q of resonance
f» was six times larger than that of the resonance f;.

Based on the analysis results, the Q characteristics of
the resonance f, were superior to those of resonance f;.
To understand the physical mechanism of the designed
absorber, we simulated the distribution of the electric field
(|E]) and the magnetic field (|H,|) at the resonances f,
and f; using CST Microwave Studio (Fig. 2). As shown

K(z)

E(x)

(©)

in Figs. 2(a) and 2(b), the electric field for the resonance
f1 was mainly focused on the sides of the metallic array
along the direction of the electric field; however, the reso-
nance f, was mainly focused on the sides of the metallic
array and the area between the units. We also observed that
the magnetic field (|H,|) of the resonance f; was located on
the dielectric layer, but the resonance f, was mainly focused
on the middle of the unit cell and the area between the units.
Consequently, the resonance f| was the fundamental reso-
nance of the proposed structure, and the resonance f, origi-
nated from the interactions of adjacent unit cells as the high-
order resonance. Thus, the Q of high-order resonance f, was
superior to the fundamental resonance f;. From the simula-
tion analytical results, we also determined that the designed
THz dual-band metamaterial absorber was capable of sens-
ing for high-sensitivity monitoring of the materials.
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Fig. 2 Distribution of the electric field (|E|) for the flexible absorber at the frequencies of (a) 1.07 and
(b) 2.77 THz, respectively; distribution of the magnetic field (|H, |) for the flexible absorber at the frequen-

cies of (c) 1.07 and (d) 2.77 THz, respectively.
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Fig. 3 Distribution of the electric field E for the flexible absorber at the frequencies of (a) 1.07 and

(b) 1.69 THz, respectively.
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Fig. 4 (a) Microscopic image of a part of the THz flexible absorber and (b) measured and simulated

absorption spectra of the THz flexible absorber.

From Fig. 1(c), we also know that there is a third weak
peak at about 1.69 THz. In order to explain the physical
mechanism of this peak, we numerically simulated the elec-
tric field distribution of the resonances 1.07 and 1.69 THz, as
shown in Fig. 3. The electric field of 1.07 THz was mainly
focused on the sides of the metallic array along the incident
electric field. For the resonance 1.56 THz, the electric field
was mainly focused on the sides of the cross metal structure,
where the angle between the two metal lines’ structure and
incident electric field direction is 45 deg. Consequently, the
third peak at the resonance 1.69 THz originated from the
metal line structure as another fundamental resonance.

The designed flexible absorber was fabricated through
evaporated, spin-coated, lift-off, and peel-off techniques,
and the microscopic image of the absorber was shown in
Fig. 4(a). The design absorber was also characterized by
THz time-domain spectroscopy using a gold mirror as refer-
ence, as shown in Fig. 4(b). There are three absorption peaks
at 1.04, 1.67, and 2.73 THz under normal incident angle, and
the experimental result agreed with the simulation.

2.2 Solid Analyte Sensing

To explore the sensitivity for absorber, PI films of different
thicknesses were spin coated on the absorber. The absorber
sensor characteristics were simulated using CST Microwave
Studio (Fig. 5). From the above analysis, we know that the
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third peak was relatively weak, so we mainly discuss the
sensing characteristics for resonances f; and f. Figure 5(b)
shows the simulated absorption spectra of the absorber under
different thicknesses (#) of solid analyte; the red frequency
shifts of the resonance f; for the film thicknesses 4, 8, and
12 uym were 90, 116, and 134 GHz, respectively. The fre-
quency shifts of 198, 364, and 491 GHz for the 4, 8, and
12 um thicknesses of the analyte for the resonance f,
were significantly higher than those of frequency shift f;.
Additionally, the change in the amplitude absorption was ap-
parent with the different thicknesses of the PI film for the
resonance f5.

Figure 5(c) reveals the frequency shifts with solid analyte
thickness for the resonance f;| (dots) and f, (stars) with
simulated data; the red and blue lines show the exponential
fits to the simulation data. The fitting functions are described
for the resonance f| and f,, where the total frequency shift
saturated at approximately 150.8 and 984.7 GHz, respec-
tively. The fitting functions are described by y; = 982.028 —
984.742¢(—7555) and y, = 160.059 — 150.806e(— 555,
respectively.

From Fig. 5(c), we also noted that the frequency shift
became saturated at the analyte thicknesses over 10 and
25 um of the resonances f| and f,, respectively, and no fur-
ther significant frequency shift was observed upon increas-
ing the analyte thickness.
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Fig. 5 (a) Diagram of the THz absorber sensor. (b) Simulated absorption spectra of the absorber under
different thicknesses of solid analyte. (c) Frequency shift with the analyte thickness for resonance f;
(dots) and f, (stars) with simulated data; the red and blue lines show the exponential fits to the simulation
data. (d) Amplitude absorption with solid analyte thickness for resonance f.

As shown in Fig. 5(b), the amplitude absorption was dif-
ferent at the film thicknesses 0, 4, 8, and 12 um for the res-
onance f,. The relation between the amplitude absorption
with the analyte thickness was also studied as shown in
Fig. 5(d); a linear relation can be achieved for the resonance
f2, and the fitting functions are described as y; =
1 —0.028 x ¢ for the resonance f,. This effect provides an
effective method to probe the dielectric properties of the
overlayer.

We further characterized the absorber sensor for different
refractive indices by CST Microwave Studio under a fixed
analyte thickness (+ = 16 um) (Fig. 6). Figure 6(a) reveals
the simulated absorption spectra of the absorber under differ-
ent refractive indices. We found the red frequency shifts of
the resonances f| and f, when the refractive index increased
from 1.0 to 1.4. The frequency shifts of 0, 200, and 387 GHz
for the resonance f, were significantly higher than that
for resonance f;. This is due to the higher Q factor of f;.
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Fig. 6 (a) Simulated absorption spectra of the absorber under different refractive indices. (b) RFS with
the refractive index for the resonance f, (dots) and f, (stars) with simulated data; the red and blue lines
show the line fits to the simulation data. (c) Amplitude absorption, frequency shift with the different refrac-
tive indices for the resonance f.
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Fig. 7 Electric field distribution in the z-direction of THz dual-band
absorber at (a) 1.07 and (b) 2.77 THz.

Additionally, the change in amplitude absorption was
achieved for the resonance f,.

In Fig. 6(b), the relative frequency shift (RFS) in the
refractive index for the resonances f| and f, was also stud-

ied, the RFS was defined as RFS = % x 100%, where

Srer 18 the resonance frequency of the flexible absorber with-
out any analyte and f, is the resonance frequency of the flex-
ible absorber with analyte refractive index (n). The frequency
sensitivity is defined as df/dn, the slope of linear fitting
function, where df is the change of resonance frequency
and dn is the change of the refractive index. The sensitivity
(8) is 31.2% refractive index units (RIU)~! for the resonance
f» and 13.7% RIU~! for the resonance f;. The amplitude
absorption and the frequency shift with the different refrac-
tive indices were also characterized for the resonance f,
[Fig. 6(c)], the fitting functions for the amplitude absorption
are described by y, = 1.0827 — 0.007le(— g4575) and ys =
553 x n — 586, respectively. Therefore, this designed
absorber can be applied to identify the unknown materials by
the amplitude absorption change and the frequency shift. By
applying the method, higher accuracy biosensor can be
achieved as privileges over conventional through the fre-
quency shift or the amplitude modulation. To quantitatively
characterize the absorber sensor, we also calculated the
FOM. The FOM was defined as FOM = § x Q, where S is
the sensitivity of the THz flexible absorber and Q is the
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quality factor of the resonance f. The FOM was 17.2 for
the resonance f, and 1.2 for the resonance f;. The FOM
value of the high-order resonance is 7.5 times than that of
the recent results.'*

From the simulation analytical results, we determined that
the designed THz dual-band metamaterial absorber was
capable of sensing the solid analyte. From Fig. 5(c), we
also noted that the frequency shift became saturated at ana-
lyte thicknesses over 10 and 25 pum of the resonances f and
f», respectively, and no further significant frequency shift
was observed.

To qualitatively explain the properties, we simulated the
electric field distribution in the x —z plane for the THz
absorber (Fig. 7). The electric field fell off quickly away
from the metamaterial absorber layer and can be neglected
above 10 um for the resonance f; and 30 ym for the reso-
nance f,. According to a previous report,” the equivalent
capacitance c.g can be expressed as

Cot = Qeff _ fV Soé'rE.dA
¢ U.sr f;lz Z??cdx

) / e,(z)E(z).Xdz. (1)

Thus, the equivalent capacitance changes slightly with a
further increase in coating thickness, and the frequency
changes tend to be saturated.

2.3 Aqueous Solution Sensing

However, metamaterials for aqueous solution sensing are
rarely reported; thus, we further characterized the designed
THz absorber sensor for aqueous solutions. Figure 8(a) dis-
plays the simulated absorption for aqueous solutions of etha-
nol. The thickness of the aqueous layer was 15 ym. The red
frequency shifts of the resonance f for the dielectric con-
stants of 2.6 +0.9i, 2.8 + 1.1/, and 3.2 + 1.3i were 124,
142, and 172 GHz, respectively.”® The frequency shifts of
140, 152, and 211 GHz of the dielectric constants for the
resonance f, were higher than those of frequency shift f;.

However, the resonance intensity f, becomes weaker
with an increase in the dielectric constant of the ethanol-
water mixture and the amplitude absorption of the resonance
f1 increased. From the above analytical results, we know that
the resonance f, originated from the interactions of adjacent

Absorption
3

T 26

Reis?

Fig. 8 (a) Simulated THz absorber spectra of the ethanol-water mixture in different concentrations.
(b) Simulated absorption as a function of the dielectric constant of the ethanol-water mixture at the res-
onance f4. (c) Simulated absorption as a function of the dielectric constant of the ethanol-water mixture
at the resonance f5.
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unit cells, and it has more sensitivity to the variation of the
dielectric constant. Compared to solid analyte, aqueous sol-
ution has greater loss for larger imaginary part for the dielec-
tric constants result in the becoming weak of resonance and
increasing absorption f,. The absorption amplitude and fre-
quency shift of the resonance f, are different from that of the
resonance f| varying with the dielectric constant of the aque-
ous solution.

The dielectric constant dependence of the amplitude
absorption for the resonances f; and f, was also studied
as shown in Figs. 8(b) and 8(c). Obviously, the amplitude
absorption for the resonances f; and f, reduced linearly
when increasing the dielectric constant of the ethanol-
water mixture.

Therefore, the proposed metamaterial absorber also pro-
vided an effective method to probe the molecular or ionic
concentrations and did not require the penetration of a
water layer.

3 Discussion

We demonstrated a flexible THz dual-band metamaterial
absorber, which exhibited sensitivity in sensing solid analyte
and aqueous solutions through the frequency shift and the
amplitude absorption. For the solid analyte, a linear relation
was observed between the thickness of the analyte and the
amplitude absorption for the high-order resonance f,, and
the exponential and line relation were obtained among the
refractive index, the amplitude absorption, and the frequency
shift of the high-order resonance f,, respectively. For the
aqueous solution, a linear relation was also achieved between
the amplitude absorption and dielectric constant of the
ethanol-water mixture of the resonance f;. In the detection
techniques for sensing materials, frequency shift at two res-
onances can enhance accuracy. The proposed THz absorber
can be applied for highly accurate and sensitive monitoring
of biomolecular chemical aqueous biosystems and ecologi-
cal water systems in the future.
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