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Abstract—Volatile organic compounds (VOCs) are directly
associated with human health concerns and environmental
safety. Therefore, it is urgent to achieve accurate detection of
VOCs both qualitatively and quantitatively. In this work, the
qualitative detection of ethyl benzene (EB), isopropyl alcohol
(IPA), and ethyl acetate (EA)—three pure VOCs in liquid
phase—was discussed using terahertz (THz) microfluidic
electromagnetic-induced transparency (EIT) meta-sensors.
The THz response illustrated that with an increase in VOCs’
volumes (1–6 µL), resonant frequencies of dual transmission
dips (0.855 and 1.724 THz) and the EIT peak (1.213 THz)
exhibited redshift. The limit of detections (LODs) for pure
IPA, EA, and EB can achieve 5.45, 13.46, and 4.35 µg,
respectively. The multivariate fusion (MF) model based on the
EIT responses to VOCs was utilized to improve the accuracy
of trace detection and classification of VOCs. Furthermore,
the above method combined with principal component
analysis with the Gaussian mixture model (PCA-GMM) and
the neural network classification algorithm support vector
machine (SVM) was applied to the recognition of VOCs.
In addition, the THz method is not feasible to detect trace amounts of VOCs (typically 0.3 mg/L) in wastewater because
water is highly absorbable in the THz band and VOCs will evaporate if water is removed. Here, IPA, EA, and EB in soil
were detected and classified by PCA-GMM combined with MF. Our results provide a new THz meta-sensor platform to
trace the detection of VOCs in the liquid phase and soil and may be used to identify hazardous wastes in illegal dumping.

Index Terms— Electromagnetic-induced transparency (EIT), microfluidics, terahertz (THz), volatile organic
compounds (VOCs).

I. INTRODUCTION

VOLATILE organic compounds (VOCs) refer to the spe-
cial type of organic compounds under normal conditions.
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As varieties of industries have developed and evolved, VOCs
are typical byproducts generated from industrial processes
(including the petroleum industry, chemical industry, industrial
painting, and coal-coking industry). VOCs do serious harm to
human health and environmental safety even if at reasonably
low concentrations. VOCs can be divided into hydrocarbons
and aerobic organic compounds both in gas and liquid
phases [1], [2], [3]. VOCs are common to see including
benzene, ethyl acetate (EA), isopropyl alcohol (IPA), ethyl
benzene (EB), toluene, and so on [4]. VOCs can be divided
into alcohols, aromatic compounds, aldehydes, and ketones
based on their functional groups, and most of them are
toxic. VOCs bring adverse effects on the human body
system (e.g., circulatory, nervous, reproductive, cardiovascular,
immune, and respiratory systems) and special organs (e.g.,
kidneys, liver, stomach, and spleen) [4]. For VOCs in the
liquid phase, conventional detection methods are liquid
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chromatography (LC) [5] and Fourier transform infrared
spectroscopy (FTIR) [6]. The former is limited by professional
technicians, off-site analysis, and matrix-matching calibration
criteria. And the latter as the optical method has elevated
demand for the laboratory detection environment and a lower
signal-to-noise ratio. Otherwise, both the aforementioned
methods are time-consuming, costly, and inconvenient, which
means that they are not available for fast field detection of
VOCs. More recently, at optical and infrared frequencies,
photonic crystal fiber-based surface plasmon resonance sensors
were also widely used for the detection of physical and
biochemical parameters. Their potential application for the
detection of VOCs in the liquid phase can still need to
be explored [7], [8], [9], [10], [11]. Therefore, a fast
and useful device for the detection and identification of
rarely destructive VOCs is urgently needed. Terahertz (THz)
detection has the advantages of nondestructive, high speed,
and low energy consumption [12], [13]. It has been
widely used in food [14], chemistry [15], biology [16],
imaging [17], communication [18], and other fields. For the
detection and chemical identification of such increased VOC
contaminants, THz spectroscopic detection is considered a
new and complementary method to conventional analytical
approaches and a hopeful technique to distinguish differences
from materials in solid or liquid phases [19], [20]. Some
research studies on VOC detection have been extensively
studied in the THz band. For example, Barnes et al. [21]
used THz time-domain spectroscopy (THz-TDS) to study
the absorption coefficient and refractive index of liquid
benzene from 2.1 to 7.5 THz. Ronne et al. [22] also
successfully distinguished liquid toluene from benzene with
THz spectroscopy. In addition, three temperature-dependent
benzene isomers were selected to observe their intermolecular
dynamics. The identification of gasoline, kerosene, and toluene
in the liquid phase was also achieved by analyzing their
transmittance and refractive index from 0.3 to 1.8 THz [23].
Annalisa et al. [19] did similar research on measuring the
refractive index and absorption coefficient from 0.2 to 2.5 THz
to discriminate specific VOCs (benzene, styrene, toluene, and
p-xylene) in the liquid phase. However, the thickness of the
cell is so thick that it does not match the trace detection in
a real application (e.g., 5 mm in [19]). Since then, plenty of
research still need to be contributed to the trace detection of
VOCs in the THz domain.

In recent years, meta-sensors have received a lot of attention
to gain new detection approaches. Meta-sensors, composed
of artificial unit cells, have remarkable resonant properties
beyond natural materials [24], [25], [26], [27], [28]. The
dielectric properties of the measured analyte will affect the
resonant electrical signal of the meta-sensor. Such resonant
signals commonly include resonant frequency shifts and
amplitude variations. The frequency shift is caused by the
strong light–matter interaction with the analyte, while the
amplitude change is due to the electric field variable [29], [30].
Trace VOC detection as a practical application is easy to be
disturbed by strong environmental factors, so it is difficult to
accurately evaluate the performance only by a single aspect.
It is not sufficient to analyze the THz resonance frequency
shift and amplitude variation separately. To overcome the
forward problem, a reflective THz multiband meta-sensor with
synthetic evaluation criteria was used to achieve sensitive
detection [31]. However, the reflection-type device requires

Fig. 1. (a) Photograph of the microfluidic sample cell assembled with
the THz EIT meta-sensor. (b) Optical images of the EIT meta-sensor.
(c) Schematic of the microfluidic chip. (d) Unit cell of the meta-sensor
with key parameters.

oblique incidence due to the spatial overlap of illumination
and collection in light paths. So, the transmissive version
of the meta-sensor is preferred in practical applications
[32], [33].

In this work, a meta-sensor structure based on electro-
magnetically induced transparency (EIT) [34], [35] which
integrated with microfluidic was proposed for sensing and
classification of three different VOCs: IPA, EA, and EB,
in their liquid phase. The structure consists of two layers:
the upper layer is an asymmetric split-ring resonator made
of aluminum and the substrate is quartz with a permittivity of
3.75. The EIT analog appears in this particular configuration
when the bright modes are suppressed and the quasi-dark
modes are distributed by a strong electric field. Moreover,
the completely enclosed microfluidic cell effectively prevents
liquid volatilization. While monitoring the transmission
spectrum with THz TDS, there was one resonant peak at
1.213 THz and two dips at 0.855 and 1.724 THz, which
were used to study the characteristics of the meta-sensor
when the pure liquid VOCs content varied (1–6 µL at
intervals of 1 µL). We found that the resonant frequency
shifts satisfied the Hill model and amplitudes satisfied linear
fitting with reliable R2 higher than 0.9. To evaluate the
sensing performance of the EIT meta-sensor synthetically
and identify VOCs efficiently, we proposed a multivariate
fusion (MF) framework combined with principal component
analysis with the Gaussian mixture model (PCA-GMM) and
the neural classification algorithm support vector machine
(SVM). Moreover, the VOCs-containing (1 µL) soil sample
weighed 0.3 g which is approximately in line with the actual
scenario was measured by the EIT meta-sensor with increased
time. We found that the EIT resonance frequency shifts did not
appear to be significant if the microscopic content of VOCs
in the soil is evaporated. However, the amplitude of the EIT
peak decreases linearly with time due to volatilization. The
MF combined with PCA-GMM is useful for the classification
of the three VOCs. When VOCs are in the soil, the limit
of detection (LOD) is 2900 mg/kg [36] for EB. To our
knowledge, it is the first time to achieve the monitoring of
trace VOCs in soil by using THz meta-sensors, which have
a great influence in distinguishing hazardous waste dumped
without permission in soil quickly. Our results open a new
THz meta-sensor perspective to realize the trace detection of
VOCs in the liquid phase and soil.
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II. THZ EIT META-SENSOR INTEGRATED
WITH MICROFLUIDIC

The construction of a microfluidic chip [37], [38], [39]
is demonstrated in Fig. 1. Fig. 1(a) shows the photograph
of a microfluidic sample cell assembled with the THz EIT
meta-sensor. The left part is the quartz cap with 5 mm
thickness, and the right part is the quartz base with 8 mm
thickness. The schematic of the microfluidic setup in the x–
z-direction is shown in Fig. 1(c). A series of fluids [such
as IPA, EA, and EB provided by Shanghai Academy of
Environmental Sciences, blue color in Fig. 1(c)] were detected
by dripping them with a pipette onto the meta-sensor which
was fixed on the quartz base and then covering the quartz
cap. The purpose of inserting the cap into the base is to
create a sealed space to prevent VOCs from volatilization
for quantitative sensing of VOCs in their liquid phase. The
meta-sensor consists of two parts: 1) a quartz substrate with a
dielectric constant of 3.75 and a thickness of h = 500 µm; and
2) asymmetric crescent-shaped split-ring resonators (SRRs)
with Al (conductivity of 3.56 × 107 S/m and the thickness of
t = 200 nm). The optical image of the meta-sensor arrays is
depicted in Fig. 1(b) by a microscope. The main dimension
parameters of the unit cell in Fig. 1(d) are P = 70 µm,
R = 30 µm, r = 24 µm, G = 3 µm, and the asymmetric
parameter from the center of the gap to the ring center
d = 13 µm. Advanced Testing Company 7500SU is used for
experimental detection. To reach a relative humidity below
3% and eliminate the water vapor interference in the air, the
sample bin of the equipment instrument was full of nitrogen
before detection.

The simulated and measured transmission spectra of the
EIT meta-sensors was shown in Fig. 2(a). The experimental
results agree well with the simulation transmission spectra
by CST Microwave Studio. Between two dips (0.855 THz
marked by 1 and 1.724 THz marked by 2), a transmission peak
(1.213 THz marked by 3) with an amplitude of 0.85 is shown
in Fig. 2(a). The transparency window was believed to be
evidence that it is the EIT effect [34]. The physical mechanism
of the proposed meta-sensor is based on the EIT effect, which
can be investigated by monitoring the electric field and the
surface current of the two dips and the peak, as plotted in
Fig. 2(b)–(g). At 0.855 THz (Position 1), an electric resonant
mode of the left long arm was generated, as shown in the
electric field in Fig. 2(b). The corresponding surface current
distribution shown in Fig. 2(e) implies that the difference
in the surface currents between the left long arm and right
short arm demonstrates that this resonant mode is attributed
to Fano resonance. Meanwhile, the asymmetric long and short
circulating currents are formed along the two sides of the arms
with an anticlockwise loop, which induces the weak magnetic
field, as seen in Fig. 2(e). At 1.213 THz (Position 2), the
electric field distribution transforms into the trapped mode in
two gaps, which is nonradiative damping, as seen in Fig. 2(c).
At the same time, the strong surface currents in the long
and short arms form a closed clockwise loop, as found in
Fig. 2(f) [40]. The out-phase magnetic fields are induced
inside the metallic rings and the strength is enhanced, which
results in the generation of magnetic dipole resonance. Here,
the magnetic/electric dipole resonance from the short-length
arm (dark mode) couples with the electric dipole from the
long-length arm (bright mode), and the destructive interference

leads to the suppression of the bright mode and couples the
energy to the dark mode, thus the trapped mode is dominant.
Under such conditions, the radiative losses are dramatically
reduced, and the transmission window occurs accordingly.
This can be verified in Fig. 2(a). At 1.724 THz (Position 3),
the trapped mode transforms to the electric dipole mode, and
the out-phase magnetic fields did not locate inside the metallic
rings, as shown in Fig. 2(d) and (g). Here, the interference is
reduced with the increase in frequency, and the radiative losses
are dominant and the transmission window disappears. Such
EIT spectra are featured by two dips and one transparent peak,
whose resonant frequencies and intensities are sensitive to the
surrounding environment, making EIT metasurface systems
potential for sensor designs.

III. NEURAL NETWORK SVM AND PCA BASED
ON MF MODEL CONSTRUCTION

The data analytical procedure to quantify and classify VOCs
either in the pure liquid phase or in the soil is demonstrated
in Fig. 3. The different VOCs are measured by THz-TDS
with a meta-sensor. Then EIT resonant responses (frequency
shifts and amplitude changes for three areas: two dips and
one peak) are captured and fitted with an appropriate model
to confirm if they show a high relative coefficient. Then, two
widely used classification methods (neural network SVM and
PCA-GMM algorithms) were used to construct different VOC
quantification models and further classify them rapidly and
accurately.

A. THz EIT Spectrum of Pure VOCs in Liquid
To quantitatively measure the trace VOCs (IPA, EA,

and EB) in the six prepared samples (1–6 µL, intervals
for 1 µL), different contents of VOCs were dripped on
the surface of the meta-sensor and both spectral amplitude
and frequency shift responses were analyzed. For accurate
classification, we obtain transmission spectra by repeating
measurements ten times for every content of single VOCs.
The transmission spectra in Fig. 4(a), (c), and (e) show
that the amplitude of the transmission peaks generally
decreased but two dips increased; moreover, all three resonant
frequency shifts decrease (redshift) with the increase of
VOC volume. The frequency shift of transmission responses
(positions 1–3) to the various VOC contents is depicted
in Fig. 4(b), (d), and (f).

It can be seen that transmission frequency shift
(positions 1–3) does not show a reliable linear relationship
with increasing VOC contents, so the Hill fitting model [41]
is chosen to describe their relationship instead. The Hill
equation is given by

Fs = Fsmax ×
[VOC]

n

(K D)n + [VOC]n (1)

where FS is the frequency shift, Fsmax is the maximum
frequency shift, m is the VOC content, K D is a constant,
and n is the Hill coefficient. Table I lists nine Hill parameters
for resonance frequencies at three positions with three VOCs.
The R2 is higher than 0.99. Fig. 4(b), (d), and (f) also
depicts responses of the frequency shift to the increased VOC
content, which means that all nine amplitudes showed linear
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Fig. 2. (a) Simulated and experimental transmission spectra of the meta-surface. (b)–(g) Electric field and surface current at three frequency
positions marked by 1–3 in (a), respectively.

TABLE I
FREQUENCY SHIFT RESPONSE WITH THE HILL FITTING MODEL AND AMPLITUDE RESPONSE WITH THE LINEAR MODEL

Fig. 3. Procedure to quantify and classify pure VOCs or VOCs in soil.

relationships with increased VOC content. The linear equation
is given by

T = ax + b (2)

where a is the slope, b is the intercept, and x is the amplitude.
The R2 for the amplitude of three VOCs in three positions is
all higher than 0.8. Table I also lists nine linear parameters
for resonance amplitudes at three positions in detail.

Then, the LOD of the VOC Clim can be obtained by

Clim = K D ·
1

1 fmax/S f − 1
(3)

where S f is a spectral resolution of 1.9 GHz. The Clim
of IPA, EA, and EB is 0.007 µL (5.45 µg), 0.015 µL
(13.46 µg), and 0.005 µL (4.35 µg), respectively. According
to the frequency shifts and amplitudes obtained above, two
classification methods were applied to trace the detection of
different VOCs. We also simulated the transmission spectra of
three VOCs with different volumes. The results are shown in
the Supplementary material. The experimental results fit well
with the simulation. A deterioration of the measured results
compared to the simulation can be attributed to the fabrication
error.
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Fig. 4. Experimental results of the transmission spectra, frequency shift response with Hill fitting, and amplitude response with linear fitting
corresponding to different volumes used for the detection of (a) and (b) IPA, (c) and (d) EA, and (e) and (f) EB.

Fig. 5. Classification results for IPA, EA, and EB. (a) PCA-GMM.
(b) SVM.

B. Two Classification Based on Multivariate Resonant
Response With EIT Meta-Sensors

Principal component analysis (PCA) is well known as a low-
dimensional representation to capture more useful information

with less features as much as possible. The extracted features,
named principal components (PCs), are composed of linearly
uncorrelated variables by eliminating the overlapping parts
of possibly correlated variables and are ordered with their
scores [42], [43]. The scores of PCs mean their maximum
variance and their contribution to classification. When the
sum of the former PCs is beyond 80%, the former PCs
can approximately show all useful information. Moreover,
the Gaussian mixed model (GMM) iteratively converges the
likelihood function of Gaussian distribution in the model and
determines the probability size of a certain point belonging
to a certain class for clustering. A regular GMM applies the
expectation maximization (EM) algorithm to fit the Gaussian
to the dataset and can be used to assure the clusters are
distinct in PCA. The PCA-GMM approach can be summarized
as feature extraction with PCA and parameter estimation
with GMM [44]. In this way, the variance of the GMM
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Fig. 6. Diagram of sample preparation, detection, and analyses.

Fig. 7. Univariate fitting results. (a)–(c) THz frequency-domain spectra. (d)–(f) Amplitude response at position 2 with linear fitting when putting
VOCs-containing soil tablet on the meta-surface chip with time increasing by 0.5 min, respectively.

can be the additional constraint to confirm the clusters are
oval.

In the PCA-GMM algorithm, we substitute the six main
parameters of THz EIT spectral data of IPA, EA, and EB
with different volumes into the algorithm for calculation.

To achieve a more accurate classification, for each VOC with
each volume, we measured ten times and obtained 180 sets
of data (there were VOCs with six volumes, repeated by
ten times). Each set of data includes six EIT parameters
(frequencies and intensities of two dips and one peak). The
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results are shown in Fig. 5(a). Initial two PCs (PC1 and
PC2) were extracted from the dataset and their account in
total is 82.5%. Three VOCs were divided into three regions
without overlapping each other in brief. However, the distances
between IPA and the left two VOCs are close because PC1
is not large enough to fully separate three VOCs. Overall,
we can distinguish the three VOCs from each other by PCA-
GMM clearly. The SVM classification model, which is suitable
for the classification of small samples, is used to classify the
VOCs accurately by using the features of the transmission
spectrum. The core of the model-building process is the
optimal hyperplane whose distance from the different kinds
of samples is the maximum [42], [45], [46]. The radial basis
function (RBF) [40] as the kernel function aims to make the
training procedure complexity lower and reduce the training
time. In this work, the SVM classification model is established
by using 180 sets of data, each set includes six EIT responses
(dual dips and one peak frequency shifts amplitudes changes).
The data of each sample are randomly divided into two
groups: the training sets group (150) and the test sets group
(30). The training set is used to evaluate the accuracy of the
model established by the calibration set, and the test set is
classified and tested using the trained model. When the model
is established by training sets, it can be used to classify the
test sets. As shown in Fig. 5(b), the numbers on the y-axis
are the class of VOCs (1 represents IPA, 2 represents EA,
and 3 represents EB) and the numbers on the x-axis are the
order of test set samples. All 30 samples of pure VOCs are
predicted correctly into their own class and the accuracy is
up to 100%, which proves that it is available to classify pure
VOCs with the features extracted from the response of EIT
meta-sensors.

C. VOC Classification in Soil Based on EIT MF and PCA
The complex three-phase coexistence system of soil and

the adsorption of VOCs lead to more concealment and cannot
be detected in time. Therefore, the rapid detection method
of VOCs deserves more attention. The preparation, detection,
and analysis progress of VOCs-containing soil samples were
displayed in Fig. 6. At first, the soil without pollutants
was provided by the Shanghai Academy of Environmental
Sciences. Then, we baked it at 100 ◦C in the drying box
(Boxun BG2-30) for 2 h to kill the microorganisms and
evaporate the water in the soil. Then, the required soil was
filtered with 60 mesh screens after grounding the dried soil
into power and 300 mg soil was randomly taken to compress
under pressure of 1000 T for 5 min to get a 0.5-mm-thick
tablet. Next, we dripped 1 µL IPA, EA, and EB on the tablet,
which can decrease scatter effects induced by variations in
the density of soil powder [47]. We put the VOCs-containing
soil tablets on the EIT meta-sensors and detected it with a THz
spectrometer every half minute for 5 min. Finally, we analyzed
the transmission spectra with PCA-GMM. The detection result
in detail and general analysis can be seen in Fig. 6.

As shown in Fig. 7(a)–(c), when the IPA, EA, and EB
were dripped into the soil, the frequency shifts of position 1–
position 3 are all less than the resolution of the system
(1.9 GHz) with increased time. The possible reason for the
slight frequency shift may be because only few content of
VOCs at the bottom of the soil changes as it is directly in
contact with the surface enhancement of the chip. Besides,

Fig. 8. PCA analysis of dripping IPA, EA, and EB in soil.

the amplitudes from position 1 to position 3 changed with
increased time. To show this feature quantitatively, the
amplitude variation of position 2 is shown in Fig. 7(d)–(f).
It is obvious to find as follows.

1) The amplitude increases linearly with time, indicating
that the volatilization of VOCs is linear with increased
time. The volatilization of ethanol in the air is about
0.8 µL/min [43], but the volatilization speed of VOCs in
the soil is much slower. The soil [44] characterized by the
spatial arrangement of solids and voids hinders VOCs from
volatilization.

2) After 5 min, the amplitude changes by approximately
0.02 and conforms with the pure VOCs with the same content.
That is to say, there are few VOCs left and the limit of VOCs
in soil detection is 2600, 3000, and 2900 mg/kg.

3) The amplitude changes of the EIT transmission window
are affected in two aspects. On the one hand, the EIT of
meta-sensors responds to the changes of VOCs in soil. On the
other hand, THz interacts directly with VOCs in soil and
the transmission amplitude is changeable with the content of
VOCs. Fig. 8 displays the dataset of summarized frequency
shifts and amplitudes classified with PCA-GMM. We find that
the contribution rates of PC1 and PC2 are 72.1% and 16.4%,
respectively. The first two PCs can conclude almost 88.5% of
the variance and separate three VOCs without cross-gap and
far away from each other. The results prove that trace detection
of VOCs in the soil can realize the classification rapidly.

IV. SUMMARY

In this work, a meta-sensor structure based on EIT was
proposed to detect VOCs in the microfluidic cell. We focus
on the changes of special resonant responses of the EIT meta-
sensor (including 0.855, 1.213, and 1.724 THz). For pure
IPA, EA, and EB in the liquid phase, when their contents
were increased (1–6 µL at intervals of 1 µL), the frequency
shifts decreased (red-shift) and satisfy the Hill model, and
the frequency and amplitudes satisfied linear fitting. These
features can compose the MF framework. Then, the typical
classification algorithms PCA-GMM and SVM are used to
differentiate pure IPA, EA, and EB by using six resonance
features. The accuracy can reach 100%. Finally, VOCs-
containing soil was detected by the EIT meta-sensor. Although
the volatilization speed of VOCs in the soil is hindered by soil
structure and the changes of resonant responses are restricted
by VOCs content, the MF with PCA-GMM is still useful
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to realize the classification of three VOCs in soil. With the
LOD 2900 mg/kg, our results provide a new THz meta-sensor
platform to trace the detection of VOCs in the liquid phase
and soil, especially in the illegal dumping of hazardous wastes.
To further reduce the LOD, some aspects need to be improved:
1) design a new meta-sensor structure that has higher Q and
sensitivity, for instance, the bound state in the continuum
(BIC) [50]; 2) using the THz system with higher frequency
resolution, such as a THz coherent photo-mixing spectrometer
setup with 350-MHz resolution [51]; and 3) design special
channels to prevent rapid evaporation of trace VOCs.
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