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Abstract—ColonCancer is the fourth most common form of
cancer and the second-leadingcause of cancer related deaths
in the United States. A large part of the reason the number
of fatalities is so high is late detection as when detected in
the early stages of development 9 out of 10 cases of colon
cancer are non-fatal 5 years after detection. Currently the
main method of colon cancer detection are colonoscopies
which are highly invasive and time intensive procedures.
In this work we propose a new diagnostic technique for colon
cancer using an InSb based device that works by a change in
the spectral response of the metamaterial when exposed to
electromagnetic waves in the terahertz regime and combined
with cancerous colon tissue as compared to the response
when combined with healthy colon tissue. We attribute this
change in spectral response is due to the differing optical
properties of the healthy and cancerous colon tissue as well
as the creation of surface plasmon polaritons within our
device.

Index Terms— Colon cancer, cancer detection, THz metamaterials, perfect optical absorber, water-based metamaterial,
semiconductor devices.

I. INTRODUCTION

CANCER is a disease in which cells in the body grow
out of control. Cells in nearly any part of the body can

become cancerous and can spread to other areas of the body.
When cancer starts in the colon or rectum, it is called colorec-
tal cancer. Sometimes it is called colon cancer, for short; colon
cancer and rectal cancer are often grouped together because
they have many features in common. Colon cancer is one of
the most common forms of cancer people experience and it is
the fourth most common cancer in the United States while is
the second-leading cause of cancer-related deaths in the United
States. Because of the slow progress of this cancer disease,
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its early diagnosis has a marvelous effect on the treatment.
It affects men and women of all racial and ethnic groups and
is most often found in people 50 years or older. However,
incidences in those younger than 50 are on the rise.

This disease takes the lives of more than 50,000 people
every year. Colon cancer is highly treatable if it is discovered
early. About nine out of every 10 people whose colorectal
cancer is found early and treated appropriately are still alive
five years later. So, the early detection process of colon cancer
is vital. Some optical methods are used to detect colon cancer
using infrared radiation [1], THz radiation [2], endoscopy by
THz imaging [3]–[5].

THz radiation is very suitable for colon cancer detection due
to non-ionization and high resolution [6]. Cancerous tissues
have been shown to have higher water concentrations than
that of normal, healthy, cells [7]. In this research, we exploit
this property of cancerous tissue for the theoretical/numerical
optical detection of colon cancer by using THz electromag-
netic (EM) waves. This is possible because the absorption
spectra of THz waves have been shown to be particularly sen-
sitive to polar molecules, such as water [8]. These properties
have been shown to be able to be exploited in other studies
done by Woodward et al. [9] and Keshavarz et al. [10].

Besides the fact that the big advantages of THz EM waves
to be sensitive to polar molecules, they are also used for
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the following reasons: They are low energy so the risk of
ionization to any biological material involved is little to none.
Moreover, the wavelength of EM waves in the THz regime
is smaller than the size of a cell. This allows for high
precision of diagnosis. Literature on the THz metamaterial
has been reported using optical waveguides [11]–[14], slow
light devices [15]–[18], optical buffers [19]–[21], switch-
ing [22]–[24], Optical detection [25]–[30] such as can-
cer [31]–[33] and virus detection [34]–[38] thermo-optical
modulators [39]-[41], opto-chemical sensors [30]–[46], cloak-
ing devices [47], [48], optical sensors [36]–[52], etc.

In the THz frequency range, semiconductors emulate metals
by having negative values in the real parts of their rela-
tive permittivities. Compared to metals, nonetheless, semi-
conductors have a considerable improvement in that their
relative permittivity can be modified by changing the tem-
perature [10], [16], [41], external magnetic fields, pumping
light intensity and applied voltages [23]. Therefore, semicon-
ductor THz metamaterials provide one way to create tunable
and switchable semiconductor devices which can be expected
to be used in the valuable practical applications such as
optical and biomedical sensors [10]–[12], [32], temperature
sensors [16], [23], thermal modulating [16], [23], [40], [41],
slow light devices [16], [17], [41], switching devices [23],
chemical sensor [43], [50], etc.

Associated with metamaterial investigations and applica-
tions is the need for enabling metamaterial structures to be
of utmost flexible properties. In this research, we present a
state-of-the-art THz metamaterial exhibiting an optical per-
fect absorption feature at terahertz frequency regime (corre-
sponding to micron wavelength regime) as well as sensing
properties which has been applied in colon cancer detection
but considerably consistent with theoretical analysis. In the
presented THz metamaterial design, we consider incorporation
of the dielectric material into semiconductor, where precise
patterning of semiconductors permits frequency tuning of the
metamaterial resonance by changing the external temperature.
Thus, the results presented here may offer a desirable and
flexible design for frequency-agile metamaterials in the THz
regime and then could lead to potential applications in novel
terahertz devices such as optics and photonics biomedical
sensing and detecting application which is presented in the
following research.

II. MATERIALS AND METHODS

Figure 1 shows the engineered three-layer structure made
of a semiconducting THz metamaterial thick film, a buffer
layer as a dielectric spacer, and a semiconductor ring resonator
antenna. The unit cell of the proposed semiconductor absorber
design which is illustrated in Fig. 1 consists of a glass layer
as a substrate with the thickness of 5 μm, a thick film of
semiconductor layer in cross shape with size of 37 × 37 μm
with the thickness of 20 μm, and a Magnesium fluoride
(MgF2) layer as a buffer. A circular hole in is then cut out
of the MgF2 buffer layer and filled with water with 8 μm
thickness and radius of 27 μm as well as a semiconductor
ring resonator with radius and thickness of 30 and 2 μm,
respectively in the top of the structure. We used Indium

Fig. 1. The unit cell schematic of the optical absorber microstructure
manufactured by CST simulator.

antimonide (InSb) as a semiconductor material in the proposed
design. All materials couple to both the electric and mag-
netic components of the incident THz EM waves to achieve
maximum of the absorbance coefficient at a specific THz
frequency. The semiconductor film and dielectric buffer layer
are designed to be thick enough to prevent light transmission
and therefore guarantees a narrow absorption band with high
absorptivity to be more appropriate for fabrication process.

Computer simulations of the spectral response of the pro-
posed microstructure were performed using the commercial
software CST Microwave Studio, which is a 3D full-wave
solver that employs the three-dimensional finite difference
time domain (FDTD) method. In the simulation, the metama-
terial was taken to be surrounded by air and open boundary
conditions were employed along the propagation direction.
So that, the electric field of the normal incident THz EM waves
is in x-direction and the magnetic one is along y-direction; and
perfectly matched layers (PML) were applied in z-directions to
eliminate non-physical boundary reflections. In the Z-direction
of normal incidence, two waveguide ports are used as the exci-
tation and collection, respectively. The open boundary condi-
tions are employed along the propagation direction. The nor-
mal incident EM THz wave is excited from the free space, goes
through the sample on the substrate, and then is collected in
free space. The transmission from the whole structure is near
zero, and the absorbance resonance peak is more prominent.

A. InSb Optical Parameters
Here, InSb is chosen as the semiconductor material. The

Drude model describes the frequency-dependent conductiv-
ity of metals and can also be extended to free-carriers
in semiconductors. In the far-infrared (Far-IR) portion of
the THz frequency regime of interest, the complex-valued
relative permittivity of the InSb is described by the Drude
model as [16]

ε = ε∞ − ω2
P

ω2 − jγω
(1)

where ε∞ represents the high-frequency value, γ is the damp-
ing constant and for InSb is calculated as γ = e

m∗μ in which μ
is the electron mobility which in turn depends on temperature
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Fig. 2. The real and imaginary parts of water permittivity vs wavelength
at T = 300 K.

and finally influence on the absorption of InSb microstructure.
However, around 300 K within the frequency range of 0.1 to
1 THz, the electron mobility changes little [16], [32] with
temperature and it is thus reasonably assumed that γ is a
constant, which is consistent with the experimental report [53].
m∗ is the effective mass of the free carriers and in the
case of InSb is approximately 0.015me, where me is the
mass of electron. The plasma frequency, ωP , and all related
optical parameters are calculated from the relations provided
in Ref. [16].

In the THz frequency range, the complex-valued relative
permittivity of InSb is very sensitive to temperature [16].
Therefore, we can expect that temperature variations can cause
substantial variations in the optical response characteristics of
the metamaterials comprising InSb inclusions.

B. Optical Parameters of Water in THz Frequency
Regime

The permittivity of water is important in that it is related to
the coupling of the water with the EM field and is dependent
on temperature, pressure, and field frequency. To calculate the
real and imaginary parts of the water permittivity in the THz
frequency regime, the three Debye model was applied as it has
shown accurate in the THz regime [54]. Using the three Debye
model, the total permittivity of water is given as ε (ω, T ) =
εRe. (ω, T ) + iεI m. (ω, T ), in which, the permittivity of water
can be separated out into two different parts as a real (εRe.)
and imaginary (εI m.) parts which are plotted in Fig. 2 and
formulated by Eq. 2 to Eq. 4, respectively as follows:
εRe.(w, T ) = εs (T ) − (2πw)2

∗
[

�1 (T ) τ 2
1 (T )

1 + (2πwτ1 (T ))2 + �2 (T ) τ 2
2 (T )

1 + (2πwτ2 (T ))2

+ �3 (T ) τ 2
3 (T )

1 + (2πwτ3 (T ))2

]
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∗
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And,
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= 2πw
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where ω is electromagnetic field frequency, T is temperature,
εs is the static dielectric constant, τ values are relaxation times,
f values are resonance frequencies, and � values are spectral
amplitudes of the relaxing/resonating system, all calculated
and given in [54]. So, the complexed-value permittivity of
water can be found here:
ε (ω, T )

= εs (T ) + 2iωπ

[
�1 (T ) τ1 (T )

1 − 2iπωτ1 (T )
+ �2 (T ) τ2 (T )

1 − 2iπωτ2 (T )

+ �3 (T ) τ3 (T )

1 − 2iπωτ3 (T )

]
+ iωπ

[
�4 (T ) τ4 (T )

1 − 2iπτ4 (T ) ∗ ( f0 + ω)

− �4 (T ) τ4 (T )

1 − 2iπτ4 (T ) ∗ ( f0 − ω)

]

+ iωπ

[
�5 (T ) τ5 (T )

1 − 2iπτ5 (T ) ∗ ( f1 + ω)

− �5 (T ) τ5 (T )

1 − 2iπτ5 (T ) ∗ ( f1 − ω)

]
(4)

From these equations, we calculate the complex-valued of
the permittivity of water from 0 to 0.6 THz which are plotted in
Fig. 2. These results are consistent with Keshavarz et. al. [10]
and Ellison [54].

III. THE MECHANISM OF PLASMON ENHANCEMENT AND

CREATION OF THE PERFECT ABSORPTION

In this section of the research, we discuss the physics
of absorption, the role of surface plasmon polariton, and
performance of the proposed perfect metamaterial absorber.
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Fig. 3. Spectral responses vs wavelength.

A. Absorption Spectrum
When the incident EM THz wave is perpendicular to the

surface, the absorption, A(ω) is obtained by the formula as
follows:

A (ω) = 1 − |S11|2 − |S21|2 (5)

in which S11 and S21 are the Scattering parameters and
calculated as follows:

S11 =
√

P(R)

Pincident
(6)

S21 =
√

P(T )

Pincident
(7)

where P(R), P(T ), and Pincident are the power of reflected,
power of transmitted, and the total power of incident, respec-
tively. Note that the buffer layer has a high refractive index,
with semiconductor thick film thickness larger than the tera-
hertz skin depth, there is negligible transmission through the
structure with the transmission coefficient is equal to zero as

S21 � 0 (8)

Therefore, the simplified form to calculate the absorption
for the proposed device is calculated as follow:

A (ω) = 1 − |S11|2 (9)

At normal incidence of THz EM wave, the spectral
responses such as absorbance (A), Transmittance (T), and
reflectance (R) of the proposed metamaterial absorber are illus-
trated in Fig. 3. It shows a negligible transmittance, highly effi-
cient perfect absorption peaking of 99.82% at λ = 707.5 μm
and a dip resonance in reflection within a wavelength range
of 500 μm to 1000 μm. The optimized geometrical parameters
obtained using genetic algorithm are used, together with a
semiconductor at room temperature.

B. Physical Concepts: Surface Currents and Field
Distributions

Surface plasmon polaritons (SPPs) are EM excitation waves
that can travel along interface of semiconductor–dielectric or
semiconductor–air in the THz frequency regime. The term
“surface plasmon polariton” explains that the wave involves
both charge motion in the semiconductor element/layer and

(a) (b)

Fig. 4. The EM field distributions; (a) magnetic field, and (b) electric
field distribution at wavelength of λ = 707.54 μm (corresponding to
0.424 THz).

EM waves in dielectric. SPPs are shorter in wavelength than
the incident light (i.e., photons). Hence, they can have tighter
spatial confinement and higher local field intensity. The SPPs
have subwavelength-scale confinement perpendicular to the
interface and propagate along the interface until their energy
is lost either to absorption in the semiconductor element/layer
or scattering into other directions, for instance into free space.
Remarkable progress has been made in the field of SPPs in
recent years. Control and manipulation of light using SPPs
in THz frequency regime exhibit significant advantages in
optics and photonics devices with very small elements. They
open a promising way in areas involving optics, photonics,
biology, medicine, environment, and energy, especially bio-
photonics. Here, based on the physical mechanism and the
peculiar properties of SPPs, we demonstrate one of the most
important applications of SPPs which is used in bio-photonics.
It is cancer detection.

To explore the physics underlying the creation of the perfect
absorption, we show different mode EM fields including
E-field and H-field, in Fig. 4a and Fig. 4b. It is found
that excitation of the SPPs causing resonance peak in
absorption spectrum at λ = 707.54 μm. The excitation of
the first plasmonic mode occurs when the frequency of the
incoming photons matches with the first localized mode of the
semiconductor-dielectric-semiconductor sandwiched pattern.
Therefore, a majority of photons are absorbed, and the
others are reflected or transmitted through the semiconductor-
dielectric-semiconductor sandwiched designed pattern.
Transmitted photons are reflected back by the second
semiconductor thick film layer which is called mirror layer,
and some of them come out of the structure with a phase
difference of π corresponding to the total distance travelled by
the THz EM incident wave. This process is repeated multiple
times, and these partial reflections destructively interfere
with each other, leading to near zero overall reflection at the
specific frequency. Alternatively, the transmission channel
is closed by the semiconductor thick film, i.e., mirror layer
reflector; thus, the incoming THz EM wave is completely
trapped, and is finally absorbed in the proposed micro design.

IV. APPLICATION: COLON CANCER DETECTION

Colorectal cancer (CRC) is the third most common diag-
nosed and fourth most common cancer-correlated death in
the world [55]. The incidence rate of the CRC has risen in
the United States, specifically in the group ages of 20-49,
from 8.6 to 13.1 per 100,000 between 1992 and 2016 [56].
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Fig. 5. The real and imaginary part of the permittivity for HCT and CCT
samples vs wavelength.

Positive history of inflammatory bowel disease in individuals
and personal or family history of polyp or CRC, age, obe-
sity and alcohol or tobacco abuse, are common risk factors
of CRC [57]. Most prevalent clinical presentation in CRC
patients are abdominal pain, change bowel habits, hema-
tochezia, or melena (passing blood in the stool), weakness and
involuntary weight loss, anemia, peripheral edema, ascites, and
palpable abdominal mass [58].

Most colorectal cancers develop first as polyps, which are
abnormal growths inside the colon or rectum that may later
become cancerous if not removed. While some polyps remain
benignant (non-cancerous), some may become malignant (can-
cerous) over time. The best way to detect the presence of
polyps is with a procedure called a colonoscopy, which is
performed in a physician’s office. For this reason, when a
physician finds one or more polyps during a colonoscopy, they
are generally removed during the procedure.

Early diagnosis and excision of precancerous lesion or
early-stage cancers through the screening program will
result in decreasing in CRC incidence and mortality.
Accordingly, endoscopic techniques (flexible sigmoidoscopy,
colonoscopy, and capsule colonoscopy), radiologic tech-
niques (double-contrast barium enema and computed tomog-
raphy (CT) colonography), stool testing (fecal occult blood
(FOB), fecal immunochemical testing (FIT) and fecal deoxyri-
bonucleic acid (DNA) testing), and Sept in 9 serum assays
(as the first serum test for CRC screening which has been
approved by FDA) are using for CRC screening [58], [59].

Optical detection is a good method to detect cancerous
tissues in the THz frequency regime. Shmuel Argov et al. [1]
proposed a diagnosis method to detect cancerous colon tis-
sue by infrared frequency regime. Currently, THz imaging
is more applicable in colon cancer imaging via an endo-
scope to improve endoscopic THz systems [3], [4]. Recently,
Reid et al. [2] investigated THz imaging of colon cancer by
analyzing the refractive index changes of the colon tissue
samples. The dielectric constant, namely ε(ω) and the mag-
netic permeability, i.e., μ(ω) are the fundamental characteristic
quantities which determine the propagation of EM wave in
matter. We consider magnetic permeability as a fixed amount
as μ(ω) � 1 because there are no significant changes in
this optical parameter in comparison to this parameter in the
vacuum.Here, by using their experimental optical parameters,
we are analyzing the differences between absorption spectrum
for different samples to detect the cancerous tissue. The

Fig. 6. The absorbance spectra vs wavelength.

electrical permittivity frequency dependent for colon tissue
sample is as follow:

ε(ω) = εr (ω) + iεi(ω) (10)

in which, εr (ω), and εi(ω) are the real and imaginary parts of
permittivity and formulated as follows:

εr (ω) = n(ω)2 − (ω)2 (11)

εi (ω) = 2n (ω) . (ω) (12)

where , and n are the imaginary and real parts of the RI,
respectively. The imaginary part is formulated as follows:

(ω) = c ∝
2ω

(13)

in which c, α and ω are speed of light in the vacuum
and absorption coefficient of the sample tissues; and angular
frequency which formulated as ω = 2π f in which f is the
incident frequency of light. Figure 5 shows the real and imag-
inary part of the permittivity for healthy colon tissue (HCT)
and cancerous colon tissue (CCT) samples.

Here, we present an optical method to differentiate between
healthy colon tissues (HCT) and cancerous colon tissue (CCT)
samples. Since the CCT contains more water than HCT,
and the polar molecules of the water absorb THz waves
more, we compare the absorption spectrum of HCT and
CCT (see Fig. 6). The device is placed too close to the
samples and illustrate the THz EM wave on the design.
By analyzing the absorbance spectrum of the optical designed,
we can identify the tissue’s healthy or cancerous nature
(see Fig. 6). As can be seen from Fig. 6, the CCT absorbance
spectrum is blue shifted in compression with HCT sample and
the maximum of the peak absorption coefficient is increased
to 0.834 at λCCT = 709.2 μm (the HCT peak absorption is
about 0.819 at λHCT = 719.4 μm).

We should emphasize that the proposed optical sensor which
works as a colon cancer detection in the THz frequency regime
can leverage additional degrees of freedom to obtain further
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flexibility such as different types of semiconductors, substrate,
and lattice geometry.

It is known that the proposed structure has the advantage
of easy fabrication as an optical absorber. This device can be
fabricated through common microfabrication techniques that
are widely available. In which an overgrown InSb layer can
be grown on top of a substrate layer. From there one can cut
into the InSb layer through traditional photolithography and
wet etching techniques to make the InSb antenna on top. The
buffer layer can then be deposited on through either physical
or chemical vapor deposition and the water can be added in
the middle for fabrication of the device. These techniques are
widely available, allowing for easy fabrication of our devices
based on the schematics in this paper.

Once built these devices can then be tested by using a setup
using a THz laser and monitoring the light going through
the device using a THz detector on the other side of the
device. Taking measurements of the light passing through the
device with a healthy colon sample should provide a baseline
control to be compared against when measuring light passing
through cancerous colon tissue. In an experimental setup one
should see results like that seen in our CST Microwave Studio
model with an absorption spectrum shift in the THz regime,
confirming that the tissue is cancerous.

V. FUTURE OUTLOOK

In this work, we present a novel device for the detection
of colon cancer using terahertz electromagnetic waves by
using surface plasmon polaritons within the device to detect
differing water concentrations within the health colon tissue vs
cancerous colon tissue. This leads to a change in the spectral
response of our device, indicating that cancerous tissue is
present in our sample. We believe our approach for colon
cancer detection can allow for less invasive, faster, and cheaper
detection of colon cancer which is pivotal in reducing the death
rate of this tragic disease. Future work for this would be to
build and test the device on real world samples of cancerous
colon tissue and healthy colon tissue. However, CST based
modeling of this problem is very promising.
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