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We experimentally demonstrate a metamaterials (MMs)-based terahertz (THz) sensor to quickly distinguish the
cancer tissues from normal tissues. The MMs-based THz sensor has two strong resonance absorption peaks at
about 0.706 and 1.14 THz, respectively. When the sensor is covered with cancer tissues, the redshifts at about
0.706 and 1.14 THz are 31 and 19 GHz, respectively. However, if normal tissue is attached to the surface of the
sensor, the corresponding redshifts are only 15 and 12 GHz, respectively. This study proposes a new method for
quick diagnosis of early lung cancer and other cancers.
OCIS codes: 170.6510, 300.6495.
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Due to the fact that the blood supply and water content in
cancer tissues are more than those in normal tissues, and
terahertz (THz) spectrum is very sensitive to the change of
water content, THz technology can be applied to the diagnosis and detection of cancers[1]. Bowman et al. successfully distinguished breast cancer areas from normal areas
using THz imaging technology, and the method can also
be applied to very thin dehydration isomer samples[2]. Oh
et al. obtained the reflection image of a rat glioma and
clearly detected its boundary[3], which is very useful for
studying brain lesions and structure. Yamaguch et al.
studied the fresh brain tumor tissues of a rat, calculated
the refractive index and absorption coefficient of cancer
and normal tissues, and got a two-dimensional (2D) scan
image[4]. Their results indicated that it is feasible to use the
THz technology to detect brain tumors. Moreover, compared with conventional magnetic resonance imaging
(MRI) and the fluorescence imaging method, THz imaging
technology can distinguish the fuzzy boundary more
clearly. Hou found that there is an obvious difference between THz absorption spectrum of gastric cancer tissues
and that of normal tissues[5]. In addition, using the relationship between the optical properties of human skin
and the blood glucose[6], Cherkasova created a THz
non-contact method for the diagnosis of diabetes.
Currently, lung cancer has become one of the most malignant tumors hazardous to human health, and more than
one million people die from lung cancer each year[7].
Although the technologies for diagnosis and treatment
of lung cancer have made significant progress, its mortality is still very high. The main reason is that early lung
cancer has no symptoms and is very difficult to be exactly
diagnosed by general diagnosis methods, including
1671-7694/2017/111703(3)

bronchoscopy, mediastinoscopy, biopsy, pleural effusion
cytology, thoracotomy biopsy and exploration, etc.
Moreover, the general methods are very complicated
or time consuming. Therefore, quick diagnosis of early
lung cancer is of great significance at present.
Metamaterials (MMs)[8,9] are artificial composite materials and structures that have special physical properties,
such as negative index, electromagnetic stealth, and super
absorption. A THz sensor based on MMs is sensitive to the
change of the dielectric covered on its surface, and, thus, it
can find wide applications in biomedicine. Tao et al.[10]
made MM THz split-ring resonators (SRRs)[11] on different
substrates to study their sensing properties and found
that the SRRs on the ultra-thin silicon nitride substrate
show higher sensitivity and more superior performance.
Wu et al. used the SRRs to characterize the reaction process of streptavidin agarose[12]. In addition, the MMs with
Fano[13] or multipolar resonances[14] are useful for THz
sensors.
In this Letter, we designed and fabricated an MM-based
THz sensor to help quickly distinguish early lung cancer
tissues from the normal tissues.
As shown in Fig. 1(a), the unit cell of the MMs sensor
consists of an inner aluminum circle and an outside aluminum Ohm ring on the high resistance silicon substrate. Its
geometrical parameters are R1 ¼ 16 μm, R2 ¼ 20 μm,
R3 ¼ 24 μm, R4 ¼ 30 μm, g ¼ 8 μm, and w ¼ 74 μm.
The thicknesses of the aluminum and silicon substrates
are 0.1 and 350 μm, respectively. The THz wave is polarized along the y axis and normally incident to the top
surface of the sensor. Simulation is completed using commercialized software CST Microwave Studio 2015. In the
simulation, an open boundary condition is set in the
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Fig. 1. (Color online) (a) Top view of a unit cell, (b) transmission
spectra, (c) micrograph of the sample, (d) surface currents distributions at 0.706 and (e) 1.14 THz.

z direction, and the unit cell boundary condition is set
in the x and y directions. Aluminum film is modeled
as lossy metal with an electrical conductivity[15]
σ ¼ 3.57 × 107 S∕m. A high resistance silicon substrate
is modeled as a normal material with an electrical conductivity[15] σ ¼ 2.5 × 10−4 S∕m and a relative dielectric constant[15] εr ¼ 11.9. Figure 1(b) shows the transmission
spectra of the sensor covered with different dielectrics.
When εr ¼ 1, which means the surface of the sensor is only
covered with air, there are two resonance absorption peaks
locating at f 1 ¼ 0.706 THz and f 2 ¼ 1.14 THz, respectively. When the surface of sensor is covered with a
100-μm-thick medium with a relative permittivity of
εr ¼ 2 or 3, the corresponding resonance peaks show a distinct redshift, and the frequency shift increases with the
increase of the relative permittivity. This indicates that
the sensor is sensitive to the change of the dielectric.
The micrograph of the sample is shown in Fig. 1(c),
and its whole size is about 9 mm × 9 mm. The distributions of the surface currents at 0.706 and 1.14 THz are calculated and illustrated in Figs. 1(d) and 1(e), respectively.
Figures 1(d) and 1(e) show that the surface current of
0.706 THz mainly oscillates on the left and right arms of
the outside Ohmic ring, and that of 1.14 THz mainly
oscillates on the inner circle. They are of a typical electrical dipole resonance. Therefore, the resonance absorption
peak at about 0.706 THz is produced by the outside Ohmic
ring, and that of 1.14 THz is induced by the inner circle.
A Z-3 model THz time-domain spectroscopy (TDS) system is used to test the samples. The tissues, i.e., the normal tissue and cancer tissue, are taken from the patient,
who has been diagnosed with early lung cancer by the general method.
First, as shown in Fig. 2(a), two kinds of tissues with the
same thickness of 100 μm are adhered to a 650-μm-thick
plastic. The THz time-domain (TD) and frequency-domain
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Fig. 2. (Color online) (a) Photograph of normal tissue and
cancer tissue, (b) THz TD spectra, (c) THz FD spectra, and
(d) refractive index curve.

(FD) transmission spectrum of them are obtained and
plotted in Figs. 2(b) and 2(c), respectively. The black solid
line is the reference spectrum of air. The red dotted line is
the spectrum of the composite structure of cancer tissue
and plastic, and the blue dotted line is the spectrum of
the composite structure of normal tissue and plastic.
Figure 2(b) shows that the spectrum of the composite
structure with cancer tissue almost has the same delay
time as that with normal tissue. Therefore, these two
kinds of tissues cannot be distinguished by the TD spectrum. Figure 2(c) shows that the composite structure with
the cancer tissue has a low amplitude, and the probable
reason is because the blood supply and water content in
cancer tissues are more than those in normal tissues.
The dips in the FD spectra are mainly resulted from
the absorption of water.
In addition, the refractive index is usually used to distinguish the samples. The refractive index nðωÞ of the
sample can be calculated as follows[16]:
nðωÞ ¼

ΦðωÞc
þ 1;
ωd

(1)

where ω is frequency, c is the velocity of light in vacuum,
and d is the thickness of the sample. The phase ΦðωÞ can
be obtained from fast Fourier transform of the TD spectrum. The nðωÞ calculated from Eq. (1) is plotted in
Fig. 2(d).
Figure 2(d) shows that the refractive index of the cancer
tissue is a little larger than that of the normal tissue.
The probable reasons are (1) cancer tissues contain more
water, and (2) cancer cells have a large nucleus, large density, thick film, etc.
Although, we can distinguish the cancer tissue from
normal tissue by comparing their refractive indexes, it
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Fig. 3. (Color online) (a) Measured THz TD spectrum and
(b) FD spectrum.

is complicated and time consuming. Moreover, for early
lung cancer, the refractive index of the cancer tissue is very
close to that of normal tissue. Therefore, this method is
not effective and easy to misdiagnose.
In order to solve this problem, we introduce an MMsbased THz sensor to quickly diagnose early lung cancer.
In our experiment, the transmission of the sensor without tissue is first measured as a reference. After that, a
piece of early lung cancer tissue and a piece of normal
tissue with the same thickness of 100 μm are separately
adhered to the top surface of the sensor. The measured
THz TD spectra and FD spectra are shown in Figs. 3(a)
and 3(b), respectively.
Figure 3 shows that, compared with the reference without tissues, the sensor with tissues shows a distinct redshift. At the low frequency absorption peak, the sensor
with cancer tissue produces a redshift of 31 GHz, while
the sensor with normal tissue only yields a redshift of
19 GHz. In addition, at the high frequency absorption
peak, the sensor with cancer tissues shows a distinct redshift of 15 GHz, and normal tissues only generated a
12 GHz redshift.
The probable reason for the redshift is that when the tissues adhered to the surface of MMs-based THz sensor the
equivalent dielectric constants on the surface increases. The
MMs-based THz sensor is very sensitive to the change of
the dielectric constants on the surface. The more the equivalent dielectric constant is, the larger the redshift is.
p
Due to the refractive index n (¼ εμ) of the cancer tissue
that is larger than that of the normal tissue, the equivalent
dielectric constant of the cancer tissue is consequently
larger than that of the normal tissue. Thus, the sensor
covered with cancer tissue shows a larger redshift than that
covered with normal tissue, and this can be used to distinguish the cancer tissues from the normal tissues.
In conclusion, we design an MMs-based THz sensor to
quickly diagnose early lung cancer. The sensor has two
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strong absorption peaks located at 0.706 and 1.14 THz,
which are very sensitive to the change of the dielectric constant on the surface. When the sensor is covered with
cancer tissues, the redshifts at a low frequency and at a
high frequency are 31 and 19 GHz, respectively. However,
the corresponding redshifts for normal tissue are only 15
and 12 GHz, respectively. Compared with the conventional method of calculating the refractive index of the
samples, the method based on the MMs THz sensor is
quick, simple, and label free. Therefore, it is very effective
for quickly diagnosing early lung cancer, whose refractive
index is very close to that of normal tissue. The method
presented in this Letter is still effective for quickly diagnosing of many other cancers.
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