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A terahertz plasmonic metasensor is demonstrated for simultaneous measurement of relative humidity (RH) and
temperature at the first time. Double golden rings can excite electromagnetic induced transparency (EIT) with
dual plasmonic resonances. By studying the relationship between resonance frequencies at both resonance dips
and environmental parameters, the RH sensitivities are 0.14 GHz/% (—282 nm/%) at low frequency (dip A) and
0.27 GHz/% (—210 nm/%) at high frequency (dip C), while the temperature sensitivities are 1.35 GHz/°C

(—2718 nm/°C) at dip A and 2.45 GHz/°C (—1906 nm/°C) at dip C. Additionally, the influences of temperature
and RH are proven independent on frequency shifts, indicating a suitability with RH and temperature changes
simultaneously. The proposed metasenor covers advantages of polarization-incident insensitivity, high sensi-
tivity, easy integration and low cost, making wide applications in industrial manufacturing, clinical medicine,
weather forecasting and human health.

1. Introduction

Temperature and relative humidity (RH) are crucial parameters
applied in food industry [1], human comfort [2] and clinical situation
[3]. Decent temperature and RH can ensure quality food products and
longer storage time, comfortable environment, as well as suitable
diagnostic conditions. For medical diagnosis, a wearable fiber Bragg
grating (FBG) humidity sensor encapsulated in silicone rubber was
proposed for the monitoring of respiratory and cardiac rate, in which the
sensing performance to humidity and temperature response was exper-
imentally assessed [4]. Owing to specific application scenarios, a wide
variety of humidity sensing technologies have been developed,
including optical [5-7], capacitive/resistive [8,9]and electrochemical
[10]. Compared with capacitive/resistive humidity sensors that are
more susceptible to electromagnetic interference and corrosion in
electrochemical humidity sensors, optical humidity sensors show many
advantages such as fast response, high sensitivity, electromagnetic im-
munity and durability in extreme environment [11].

Conventional micro-nano optical sensors enhance the localized op-
tical field intensity by means of light diffraction and refraction effects,
micro-resonant cavity cavities and optical interferometers to improve
the detection sensitivity. They are capable of simultaneous measure-
ment of humidity and temperature, including FBG [12], Fabry-Perot
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interferometer(FPI) [13], Mach-Zehnder interferometer [14], optical
fiber [15]. Liu et al. [12] printed polymer microbeams at the end of
single-mode fiber to achieve a humidity sensitivity of 0.348 nm/%
(between 40% and 90% humidity at a temperature of 25 °C + 0.1 °C)
and a temperature sensitivity of —0.356 nm/°C (40% + 1% humidity
between 25 °C and 70 °C). This work innovatively proposed to combine
FBG with FPI using femtosecond laser-induced two-photon polymeri-
zation to print the polymer microcantilever at the end of a single-mode
fiber. Hydrophilic materials are keys to humidity sensing properties, like
polyacrylic acid [16], silicon dioxide [17], titanium oxide [18] and
polyvinyl alcohol (PVA) [19-21]. Among these materials, PVA is a
remarkable choice as its extraordinary hygroscopicity, stability, flexi-
bility and low cost. In 2022, Li et al. [21] proposed a dual C-shaped FPI
fiber filled with polydimethylsiloxane (PDMS) and PVA, in which PDMS
is sensitive to temperature and PVA is sensitive to humidity. By varying
environment temperature and humidity, the fiber achieved humidity
sensitivities of —0.128 and 0.038nm/%, while temperature sensitivities
of 0.022 and —0.722 nm/°C. In addition to PDMS, aromatic polyimides
(PIs) represent a significant category of heteroaromatic polymers known
for their outstanding thermal stability, robust mechanical strength, high
toughness, and low permittivity. Among these PIs, p-Phenylene biphe-
nyltetracarboximide (BPDA-PDA) is sensitive to temperature with
highest modulus, highest glass transition temperature, and lowest
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coefficient of thermal expansion (CTE) value [22]. Although the optical
sensors have been shown to be capable of parameters detection in
complex environments, challenges remain in terms of their limited
sensitivities, parameter interferences and fabrication cost. For example,
thin functional coatings or thin optical fibers tend to offer a faster
response with a lower sensitivity [11].

Metasurfaces are arrays of artificial structures consisting of periodic
sub-wavelength units designed to be arranged in a two-dimensional
plane. Based on the excellent performance of flexible design, easy
integration, and powerful functions, metasensors are applied in appli-
cations of concentration detection [23], fingerprint recognition [24],
medical diagnosis [25], absorber [26] and environment detection [19,
27]. In 2022, Yu [19]et al. proposed an all-dielectric metasensor for
simultaneous measurement of temperature and humidity, and
PDMS/PVA supported the sensing properties of temperature and hu-
midity respectively. By studying the frequency shifts of the two reso-
nance dips in transmission spectrum, the humidity sensitivities at both
dips are —0.618 and —0.521 nm/%, while the temperature sensitivities
are —0.224 and —0.069 nm/°C. Current metasensors can be classified
into dielectric and plasmonic depending on the materials. In
all-dielectric metasensor in Ref. [19], electric and magnetic resonances
are well-separated and can be easily distinguished, which benefits
transmission phase control [28]. Consequently, plasmonic metasensors
exhibit higher sensitivity and contrast to environmental parameters
changes, making them better suited for deployment as environmental
sensing devices [29]. Terahertz (THz) waves typically cover the fre-
quency band of 0.1-10 THz, located between the microwave and
infrared regions of the electromagnetic spectrum. In comparison to
infrared and microwave waves, Terahertz (THz) waves typically cover
the frequency band of 0.1-10 THz, located between the microwave and
infrared regions of the electromagnetic spectrum. In comparison to
infrared and microwave waves, THz wave is more capable of noncon-
structive detection and biomedicine due to its low photon energy,
distinctive absorption spectra and intense resonant oscillations of
various intermolecular vibrational and rotational modes within the
molecules. Numerous reports about THz metasensors have been pro-
posed for substance identification, trace detection and environmental
testing [30-33]. In practical detection, RH can impact the rate of mo-
lecular diffusion and chemical reaction, leading to a remark influence in
applications of non-destructive testing and chemical identification in
THz band [34,35]. Additionally, intense temperature changes will in-
fluence the permittivity of medium materials, changing in dispersion
and transmittance of transmitted THz waves. This characteristic will
influence the sensing performance by impacting noise level in the sensor
[36]. To our knowledge, there are few dual parameter sensors for a
simultaneous measurement of RH and temperature reported in THz
band. However, for applicability in complex environments and accuracy
of measurement results, the measurement of RH and temperature in THz
band should be further studied at the same time.

In this work, we demonstrate a metasensor for a simultaneous
measurement of RH and temperature in THz band. The sensor is based
on BPDA-PDA substrate and dual symmetrical golden rings, resulting in
a special plasmonic resonant phenomena called electromagnetic
induced transparency (EIT) with dual environment-sensitive resonance
dips. For sensitivity calculation, the 14 pm PVA is put on the sensor. By
keeping the temperature (humidity) as a constant, the shifts of the
resonance frequencies are linearly related to the humidity (tempera-
ture). Moreover, it is demonstrated that the effects of temperature and
humidity on frequency shifts are independent, indicating that it can be
optimized for applications involving simultaneous changes in both pa-
rameters. For feasible practical applications, we have given experi-
mental design schemes, which has been proven in our previous work
[37,38]. To our knowledge, this work is the first time to propose met-
asensor in THz band for simultaneous detection of temperature and
humidity, which will exhibit more extraordinary properties in practical
THz applications.
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2. Structure design and analysis

The sensing properties of plasmonic metasensor are considered at
normal incidence by vertically (y) polarized terahertz waves, and the
sensing performance is proven insensitive to the incident and polariza-
tion angle shown in Fig. S1 (b),(d) in Supporting Information. Fig. 1(a)
shows a schematic diagram of the proposed metasensor, which consists
of two layers. The upper layer is composed of periodic golden arrays
with the thickness of 100 nm, whose conductivity is § = 4.56 x 107 S/m.
The bottom layer is a lossy substate of BPDA-PDA with ¢ = 2.955 and its
loss tangent angle is 0.0027 at T = 25 °C [39]. As seen in Fig. 1(b), the
unit cell with periodic dimension P = 200 pm is constructed by a pair of
concentric golden rings, the width of each ring is w = 7 pm and the inner
radii of both rings are R1 = 63 pm and R2 = 83 pm, respectively. Nu-
merical calculations are carried out using CST Microwave Studio 2019, a
full-wave electromagnetic software that employs the finite integration
technique to solve discrete Maxwell equations. Periodic boundary con-
ditions are applied in the x and y directions, while the fully matched
layer is utilized in the wave propagation direction z. Furthermore, local
mesh refinements are applied specifically for the resonators to accu-
rately capture the enhanced electric field near them. The mechanism of
EIT can be explored by equivalent circuit resonance model. As seen in
Fig. 2 (a), both ring resonators are considered as RLC circuit. Loop 1
(corresponding to small ring) consists of capacitor Cj, inductor Lj,
resistor R;, power supply V; and coupling capacitor Cy, similar situation
happens to Loop 2 (corresponding to large ring). Since two ring reso-
nators can be coupling with each other, the coupling capacitances Cy,
are introduced into the circuit, which can be calculated from the stan-
dard expression for the asynchronously-tuned coupled resonators. Ac-
cording to superposition theorem, the whole excitation source of the
circuit system is u = v; — vo = V1€ — Vod® = Vei!. The voltage and
current equations of loops can be calculated by Kirchhoff Circuit Laws:

i1 (joL +1/joCi+1/joCy +Ry) — iz [ joCy =v, (€]
iz(ja)Lz + 1 /]H)CZ + 1 /]COCM +R2) — il /jCUCM =WV (2)
There is an assumption as follows: i =q,(t), ix=q,(t),

qi(t) = Nie ™, ga(t) = Nae ™, i =Ri/L;, o =1 /(LiCa),
Cei = Cch/(Cl +CM) (l: 1,2), L] = Lz, Qrz =1 /(L1C). Thus:
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0" () + 1140 () + 00 (0) = Q7 (1) = e ©)
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2

The polarization rate of the circuit is y = (g:91+82q92)/(Veo). Here g1,
g2 are coupling coefficient of two loops. The transmittance can be
calculated by 1-Im[y]:

(@? - a)%)2 + iwy,
— (@* — @3 + ioy,)(0* — @? + iwy,)

1= Imjy]=1—KIm| (5)

Here, the real part (Re[y]) represents the dispersion and the imagi-
nary part (Im[y]) gives the absorption losses in the EIT system, K is the
normalizing constant. 1-Im[y] represents the transmission response of
the system for the appropriate fitting parameters of 1,2, 71, 72, and Q.
As seen in Fig. 2 (b), there is a calculated EIT-shape transmission ob-
tained by equivalent circuit, and the corresponding circuit parameters
are as follows: C; = 0.32 pF, C2 = 0.18 pF, L; = 0.5 pH, L, = 0.5 pH, R;
=9.4Q,R; =137 Q.

Fig. 1 (c) shows the transmission spectra of single large ring, single
small ring and concentric rings, respectively. In which there are two
resonance dips at frequencies of 0.416 and 0.619 THz corresponding to
the single large ring and single small ring, respectively. By combining
two rings together, there is a slight frequency shift of resonance dip
corresponding to single ring. In detail, there is a shift from 0.416 THz to
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Fig. 1. (a) A schematic diagram of the metasensor. (b) The unit cell with detailed structural parameters: P = 200 pm, R1 = 63 pm, R2 = 83 ym, w = 7 pm. (c) The
transmission spectra with single small ring, single large ring and concentric rings, respectively. The surface current distributions at (d) 0.386 THz (remarked dip A),

(e) 0.465 THz (remarked peak B) and (f) 0.621 THz (remarked dip C), respectively.
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Fig. 2. (a) The equivalent circuit of EIT effect. (b) The theoretical calculation of transmission by equivalent circuit.

0.386 THz (remarked as dip A) corresponding to large ring, and a shift
from 0.619 THz to 0.621 THz (remarked as dip C) corresponding to
small ring. Meanwhile, rings with different radii supports corresponding
different electric dipole resonances, which can be regarded as bright-
mode resonators. When both bright-mode resonators are coupled, a
transparency window occurs at a frequency of 0.465 THz (referred to as
peak B), leading to the formation of electromagnetic induced trans-
parency (EIT) in the spectrum. Except bright-dark model coupling for
EIT construction, bright-bright model coupling for EIT has been pro-
posed [40]. For a further explanation of EIT mechanism, the surface
current distributions at both dips and peak are demonstrated in Fig. 1
(d)-(f). The dipole mode of outer (inner) ring makes a dominant
contribution to the resonance at 0.386 (0.621) THz. In other hand, there
are two exclusionary electric dipole resonances with a phase difference
of 180° at dip A. While at dip C, phase difference disappears and there is
higher resonance frequency among electrical dipoles for inner and outer
rings. At peak B, the currents in both rings are reversed, resulting in
destructive interference between dipoles of inner and outer rings and
significant transparency peak. Additionally, we have optimized the

structural parameters to R1 = 60 pm and R2 = 86 pm for better sensing
performance by scanning parameters of R1 and R2 in Fig. S1 (a),(c) in
Supporting Information. Besides, the designed sensor is polarization
insensitive over 90° angle variation, while over 80° for incident wave,
proving extraordinary stability and suitability seen in Fig. S1 (b),(d) in
Supporting Information.

3. Numerical demonstration for dual-parameter sensor

The thickness of analyte is a vital factor for frequency shift, which
should be discussed. PVA with different thicknesses ranging from 4 to
16 pm is put on the metasensor at T = 25 °C, and the frequency shifts on
both resonance dips are demonstrated in Fig. 3 (a). There is a slight
influence of analytes thickness on resonance frequencies. For a precise
influence of thermal expansion on the sensor, when temperature in-
creases to 65 °C, the thicknesses of PVA, gold film and BPDA-PDA in-
crease 0.19, 5.68 x 107> and 0.036 pm, respectively (corresponding
thermal expansion of coefficients are listed in Table 1). The thickness of
PVA is proved independent to frequency shift, while tiny expansion of
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Fig. 3. (a) The impact of PVA thickness on frequency shifts at both dips. (b) Calculated w. and w, over a range of temperature from 25 to 65 °C. The independent

influence of temperature and humidity at (a) dip A and (b) dip C.

Table 1
Thermal and optic parameters of given materials.

Material/parameter PVA [19,45] Gold film BPDA-PDA [22]
TOC/°C! -2.16 x 107* - —8.68 x 1072
CTE/°C™! 3.4 x107* 1.42 x 107° 3 x107°~7 x 107°

gold film and BPDA-PDA can be ignored. The permittivity of gold film
can be described by Drude model [41]:

2

e(T)=1— (6)

o(@ + jo.)

In which o, and o, are the plasma frequency and metal electron collision
frequency, respectively. Both of them are related to temperature, which
can be calculated by the following equations [42]:

—1/2

w,(T) = wyoll +3¢(T — Ty)] @)

@:(T) =, (T) + @ (T) ®
In which y represents CTE for the gold film. Ty = 27 °C serves as the
reference temperature, while wpp = 1.37 x 10%° rad/s signifies the
plasma frequency at 27 °C. The collision frequency of metal electrons
can be decomposed into two components: electron-related frequency .
and phonon-related frequency wp. These parameters are determined
utilizing the models proposed by Lawrence and Holstein [43,44]:

oD
2 40 (Tt
|
5 GD 0 et —1

9

A

" 12hE, (10)

5 hw\ 2
0 (T) (i (52)]
In which wp = 1.07 x 103 rad/s is collision frequency, I' = 0.55 is
average of scattering probability, A = 0.77 is fractional Umklapp scat-
tering, 6p = —93 °C is Debye temperature, Ef = 5.51 eV is Fermi level, kp
=1.38062 x 10723 J/°C is Boltzmann constant, and # = 1.0546 x 10734
Jes is Planck constant. According to Egs. (1)-(5), the calculated op and
wc are demonstrated in Fig. 3 (b).

Next, the independent influence of both temperature and humidity
on frequency shifts are discussed. The method of incorporating the effect
of humidity changes into the simulation environment is based on the fact
that the PVA is sensitive to environment humidity. A quantitative
approach to incorporating this effect in the simulation is as follows.
When the environment humidity changes, the refractive index of PVA
has a linear reduction, which corresponds to the humidity coefficient of
PVA (—1.44 x 10 3 RIU/%) [19]. That is to say, when relative humidity
increases 10%, the refractive index of PVA decreases 1.44 x 1072, whose
influence on frequency shifts can be calculated in CST software. In
addition, the effect of humidity on the substrate (BPDA-PDA) refractive
index can be ignored in modelling due to its relatively dense molecular
structure which contains numerous aromatic rings and bonds in its in-
ternal structure [22]. There are four sets of simulation environment, as
seen in Fig. 3(c), (d). Group 1 is set to T =25 °C and H = 20%, group 2 is
setto T =25 °C and H = 50%, group 3 is set to T = 40 °C and H = 20%,
and group 4 is set to T = 40 °C and H = 50%. For a better view of fre-
quency shifts, there is a definition that Af;; means frequency shifts on
both dip A and dip C when environment setting changes from group 1 to
group i. For dip A seen in Fig. 3(c), by contrasting group 1 to group 2,
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there is a slight blueshift (Af;2) caused by AH; by contrasting group 1 to
group 3, there is a marked blueshift (Af;3) caused by AT; by contrasting
group 1 to group 4, there is a marked blueshift (Af;4) caused by AT and
AH simultaneously. We have calculated that Afjo+Af;s = 0.028 THz,
while Af;4 = 0.029 THz, that is to say, the effect of temperature and
humidity on frequency shifts is independent within error limits of 0.001
THz. Similar situation happens in frequency shift at dip C
(Af12+Af13=Af14 = 0.037 THz), as seen in Fig. 3(d). Then the designed
sensor can achieve detection of environment parameters (temperature
and humidity) variation simultaneously. When the temperature and
humidity of external environment change, the resonance frequencies at
both dips will have shifts unevenly. So the response of the sensor is due
to the combination of two parts: the changes of environment tempera-
ture and humidity, which can be calculated by Ref. [46]:
%XAH+%XAT:Aﬁ(i:I,2) an
Where i = 1, 2 represent dip A and dip C, respectively. df;/0H represents
the rate change of frequency caused by humidity, and 9f;/0T represents
the rate change of frequency caused by temperature. Converting Eq. (11)
to matrix form as follows:

9 o
OH T {AH] _ [KH_I KT,,] {AH] _ {Afl] 12)
o o AT Kuy> Kra AT Af,
0H oT
where K = {KH’I KT’I} is the sensitivity coefficient matrix, which is
Kuo Krp

independent of the ambient temperature change AT and the humidity
change AH. The K matrix can be demarcated by environment detection.

Here we discuss how changes in ambient temperature affect the
variations in the refractive index of BPDA-PDA substrate due to the
thermo-optic effect. The thermal-optic coefficient of substrate (BPDA-
PDA) is —8.68 x 103 RIU/°C which listed in Table .1, indicating that
the refractive index of the substrate decreases 8.68 x 1072 when the
temperature increases by 10 °C. Such variations in the substrate
refractive index due to the thermo-optic effect has been considered in
our simulation and has been listed in our initial supplementary mate-
rials. To see this point clearly, we shifted this discussion from supple-
mentary materials to manuscript. We have analyzed the effect of
temperature on frequency shifts without PVA in Fig. 4 (a), there is a
remarkable frequency shift from 0.386 (0.621) THz to 0.452 (0.723)
THz at dip A (dip C), showing that BPDA-PDA is a temperature-sensitive
material for temperature sensing. The influence of temperature on
BPDA-PDA substrate causes remarkable blue shifts at dual resonance
dips. We have also separately investigated the effect of the BPDA-PDA,
PVA and gold film components on the frequency shifts when the tem-
perature rises 10 °C. The average frequency shifts are seen in Fig. 4 (b),
(c), with positive values indicating blue shifts and negative values
indicating red shifts. So the influence of temperature on PVA and gold
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film causes slight red shifts at dual resonance dips and the temperature
sensing is dominated by BPDA-PDA.

For a solution of humidity sensitivity, the environment temperature
is stable at 25 °C, and a range of humidity is from 20% to 60% with a step
of 10%, in total five groups. When the environment humidity changes,
the refractive index of PVA has a linear reduction, which corresponds to
the humidity coefficient of PVA. As seen in Fig. 5 (a), there are frequency
shifts at both dip A and dip C with the change of environment humidity.
When humidity increases from 20% to 60%, there are blue shifts from
0.345 to 0.351 THz at dip A and from 0.631 to 0.642 THz at dip C. Fig. 5
(b) shows linear relationship between humidity and frequency shifts,
which indicates that Ky ; is 0.14 GHz/% and Ky is 0.27 GHz/%.
Similarly for temperature sensitivity, environmental humidity remains
at 30%, and temperature varies from 25 to 65 °C with a step of 10 °C. As
seen in Fig. 5 (c), there are frequency shifts at both dip A and dip C with
the change of environment temperature. When temperature increases
from 25 °C to 65 °C, there is a blue shift from 0.345 to 0.399 THz at dip
A, while from 0.631 to 0.729 THz at dip C. Fig. 5 (d) shows the linear
relationship between temperature and frequency shifts, which indicates
that Kr,; is 1.35 GHz/°C and K2 is 2.45 GHz/°C. The resonance fre-
quencies in our designed EIT effect are 0.386 and 0.621 THz, respec-
tively, and EIT peak is at 0.465 THz. However, two strong water-vapor
absorption peaks are located at 0.557 and 0.755 THz [47]. The reso-
nance dips and EIT peak avoid water-vapor absorption peaks, leading to
a slight influence on EIT sensor. So in practical scenarios, a background
noisy signal may not heavily distort the response during 40% or 60%
humidity cases. This conclusion had already been verified by Kim et al.
[3]. They had proposed a THz metasensor for humidity sensing experi-
mentally, in which the environment humidity is up to 78%, and the
background noisy signal caused by high humidity does not distort
sensing response [48].

The K matrix now can been calculated in Eq. (11). The designed
sensor is sensitive to environment temperature and humidity simulta-
neously. All above discussions are based on the premise of controlling a
single variable, showing a linear change in humidity (or temperature)
when the temperature (or humidity) is constant. In this case, we obtain
that the frequency shifts are linearly related to temperature and hu-
midity when they are varied singularly.

Ky, Kr, AH| |(0.14 0.27 AH| | Afi (13)
Ky, Krp AT |~ | 135 245 AT | | Af

The sensitivities in terms of wavelength are 0/1i/6T(d/1i/¢)H):—c/ﬁ2; X

0/ 0T(0f,/0H), where ¢ = 3 x 108 m/s and f, = 0.386 and 0.621 THz are

both dip A and dip C without analyte [49]. The K matrix corresponding
to wavelength is as follows:

Kuyy Kri| |AH | _ | —282
Ko Kro| | AT |7 | -2718

Inverse the matrix in Egs. (11) and (12) and the calculation of AT and
AH are as follows. When the environment temperature and RH change

—210 ] [aH] _[A4
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Fig. 4. (a) The influence of temperature on frequency shifts without PVA analyte. Frequency shifts caused by respective factors at dip A (b) and dip C (c).
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Sensitivity of frequency shifts on temperature.

simultaneously, there is need to measure frequency or wavelength shifts
at dip A and dip C, and the corresponding temperature and RH changes
can be calculated by Egs. (15) and (16).

_ 245Af1 —0.27Af;  1906A4; — 210A1,

AT —0.0215 —33288

(15)

0.14Af — 1.35Af;

282A4, — 2718A4,
Al = —0.0215

- 33288 a6

4. Feasible experimental design

BPDA-PDA can be made by electrospinning a solution of the PI
precursor, p-phenylene biphenyl tetracarboxamide acid, in dimethyl
acetamide [22]. The metasensors can be fabricated by liftoff lithography
[23,24]. PVA and five saturated salt solutions (lithium chloride, potas-
sium acetate, magnesium bromide, magnesium chloride, potassium
carbonate, magnesium nitrate) can be provided by Shanghai Aladdin
biochemical Technology. Their solution configuration procedures are
available in Ref. [15]. Then the PVA solution is dropped on designed
sensor evenly, and the entire sensor is put into a furnace with a
controlled stable temperature at 50 °C for 3 hours to solidify the sensi-
tive material. Five saturated salt solutions can achieve the humidity
change of environment [21], and the detailed humidity corresponding
to solutions are listed in Table .2. There are possible humidity errors in
practical experiment, so a hygrometer (RotronicHC2-S (3)) for precise
humidity is necessary. THz time-domain spectroscopy system can be
used to obtain time and frequency spectra with operation frequency
ranges from O to 3 THz, the signal dynamic range 60 dB, and the spectral

Table 2
Correspondence of RH and saturated salt solutions with different temperature
[51].

LiCl-H,0 MgCl,-6H0 NayCr,07-2H,0 NaCl KNO3
15°C 12.8% 33.9% 56.6% 75.3% 94.4%
20°C 12.4% 33.6% 55.2% 75.5% 93.2%
25°C 12.0% 33.2% 53.8% 75.8% 92.0%
30°C 11.8% 32.8% 52.5% 75.6% 90.7%
35°C 11.7% 32.5% 51.2% 75.5% 89.3%

resolution 7.6 GHz. Besides, a commercial heater board with a size of 15
mm x 15 mm is necessary for temperature change, whose temperature
ranges from 25 to 120 °C. Different environment humidity caused by
various saturated salt solutions can be achieved by microfluidic chip. As
seen in Fig. 6 (a), by fixing the sensor to the 8 mm quartz base, different
saturated salt solutions were evenly dripped onto the sensor surface by a
dropper [23]. Then the sensor is put into a climatic chamber (CVMS
Climatic, Benchtop C-TH40, UK) and remains a constant temperature
[12]. For a precise result, hygrometer is necessary for each experimental
group. Various salt solutions demonstrate different environment hu-
midity, the humidity sensitivity can be obtained by measuring the ratio
of the humidity change to the frequency shifts according to theory in
section 3. A tunable temperature condition can be achieved by a heater
board shown in Fig. 6 (b), in piratical experiment, a heat-conducting
plate with through-hole is fixed on the heater board, and the sensor is
just placed on the through hole. Here a heater with a sample holder or
clamp is used to uniformly heat the sample and parallelly acquire the
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Fig. 6. (a) Humidity and (b) temperature experiment schemas.

transmission spectrum [50]. With temperature increases, there are blue
shifts at both resonance dips. Considering that humidity change can
affect temperature sensitivity, and content humidity should be
controlled and fluctuated by 1%. Then temperature sensitivity will be
demonstrated experimentally.

5. Discussions and conclusions

The precise control of humidity is indispensable in diverse applica-
tions, while it has a subtle connection with temperature. Now a hybrid
sensor for simultaneous measurement of temperature and RH should be
demonstrated. In this work, a plasmonic metasensor is demonstrated
based on EIT for the environment detection. Both dipole resonances are
capable of coupling with each other, result in EIT effect. Both resonance
dips at the EIT transmission are sensitive to tiny environmental (hu-
midity and temperature) changes, which is determined by specific
construction, unique materials and high frequency. The designed met-
asensor is polarization insensitive and incidence insensitive (over 80°).
For the humidity sensor, we maintain a constant temperature of 25 °C
and change the humidity values in five groups from 20% to 60%. Results
show that the linear relationship between RH and frequency shifts. The
humidity sensitivity is 0.14 GHz/% at low frequency (dip A) and 0.27
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GHz/% at high frequency (dip C). A similar situation occurs for tem-
perature sensing. The RH remains at 30% by changing the temperature
values from 25 to 65 °C in five groups. Results also show the linear
relationship between temperature and humidity, with a sensitivity of
1.35 GHz/°C at dip A, and 2.45 GHz/°C at dip C. For practical appli-
cations, the complete experimental procedures and related precautions
are discussed. Table .3 lists performances of various dual-parameter
sensors. Ref. [19,21,52] cover a performance of simultaneous mea-
surement of temperature and RH with different structures in infrared
band. Single sensing properties (RH or temperature) are performed in
THz band, lacking of applicability in variable environment of RH and
temperature simultaneously [20,27,36,48,53]. Our proposed meta-
sensor exhibit high sensitivities and versatilities. To our knowledge, this
is the first time to realize simultaneous measurement of temperature and
RH in THz band, which has potential application scenarios in THz
technologies [54,55].
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Comparison with other fabricated RH and temperature sensors.
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[52] 0.43 nm/% - 3.97 nm/°C - TLC 200-1000 nm
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(2023)
[53] - - 1400 nm/K - MZI 300-340 pm
(2017) (Experimentally)
[48] - 0.22 GHz/% - - PM (Experimentally) 0.7-0.8 THz
(2018)
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%)

%)

°Q)

Q)

*FPI: Fabry—Perot Interferometer.

*TLC: Thermochromic Liquid Crystal.

*MZIL: Mach-Zehnder Interferometer.
*PM: Plasmonic Metasensor.
*DM: Dielectric Metasensor.
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