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Mach-Zehnder Interferometer-based Integrated
Terahertz Temperature Sensor

Yougiao Ma, Nghia Nguyen-Huu, Jun Zhou, Hiroshi Maeda, Qiang Wu, Mohamed Eldlio, Jaromir
Pistora and Michael Cada

Abstract: A plasmonic Mach-Zehnder interferometer (MZI) for
temperature sensing is reported in the terahertz (THz) regime.
The MZI is formed by embedding a semiconductor (SC) layer into
asilicon membrane, where the SC layer supports two independent
propagating surface plasmon polariton (SPP) waves on both
surfaces. The temperature-sensitive phase difference between
these two SPP waves gives rise to the modulation of the
transmitted intensity. The results show that the MZI sensor
possesses a sensitivity and a Figure of Merit (FoM) as high as 8.9 x
10 THz/K and 117, respectively. Theoretical calculations indicate
that the further improvement in sensing performance is still
possible through optimization of the structure. Moreover, an
investigation of structural perturbations indicates that the MZI
has a good tolerance to the fabrication errors. The compact
MZI-based waveguide structure may find important applications
in areas of sensing and integrated THz circuits.

Index Terms: Terahertz, Plasmonics, Mach-Zehnder inter-
ferometers, Temperature sensors

I. INTRODUCTION

As a promising candidate for the next-generation on-chip
biosensing technology, surface plasmon polariton (SPP) is
attracting significant research interest [1]. SPP is the
electromagnetic (EM) waves coupled to electron oscillations
and propagating along the interface between a metal and a
dielectric. SPP, characterized by the maximum field distributed
at the metal surface, can be extremely sensitive to the changes
of the local dielectric properties, such as those induced by the
surface  molecular binding events [2]. Because of this
remarkable property, SPP has become a basic standard for the
detection of label-free and real-time biochemical reactions [3].

A typical SPP biosensing system employs a prism to couple
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the incident EM waves into the SPP, which is well known as the
Kretschmann configuration [4]. This approach offers relatively
high sensitivities. However, the bulky structure makes it
difficult for realization of on-chip integration. On the other
hand, nanoplasmonic biosensors, such as nanostructured metal
films and nanoparticles, are emerging sensing platforms that
can overcome the above limitation and are therefore becoming
potential alternatives to the conventional SPP sensors [5-8].
The nanostructured SPP sensors can have small footprints,
down to a few square micrometers, making them easily
integrated on a chip with microfluidics [9]. However, their
sensing capability is generally limited by the relatively low
sensitivity, broad spectral linewidth and weak resonance
intensity [10-11]. The reported refractive index (RI)
sensitivities (detection limits) for these nanoplasmonic sensors
are one to two orders of magnitude lower (larger) than those of
typical prism-based sensing systems [12-13]. Another widely
used nanoplasmonic sensing technique is SPP interferometry,
which uses the phase-sensitive interference to control the
linewidth of the interference pattern, which may improve the
sensing resolution [14-16]. Numerous interferometer-based
SPP biosensors have been proposed and experimentally
investigated recently, such as slit-groove structures [14-15],
slit-slit structures [16] and slit-grating structures [17].

Most efforts have been spent developing plasmonic sensors
within the optical frequency [4-17]. The terahertz (THz)
frequency, on the other hand, is attracting more and more
attention from biological researchers because numerous
characteristic vibrational modes of the bio-molecules, such as
proteins and DNA, exist in the THz spectrum [18]. Furthermore,
the properties of the THz waves are highly dependent on the
water content, suggesting that there are ways to characterize the
water content in sample materials by using the THz
spectroscopy [19]. However, the SPP modes supported by a
metal-dielectric interface at THz frequencies are loosely
confined, because they are far below the plasma frequency of
metal [20]. An alternative material to support the
low-frequency SPP is the doped semiconductor, which
provides a more versatile method to engineer the propagation
properties of SPP than metals [21]. In this regard, several
semiconductor-based THz plasmonic sensors have been studied
[22-24]. One of those is the stub-cavity-based SPP (SCSPP)
sensors, whose high-compact size was reported on recently
[22-23]. Due to the large loss of the cavity mode, this type of
sensor suffers from a wide spectral linewidth [24]. To address
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this issue, a novel silicon-on-insulator (SOI)-based
semiconductor sensing configuration was recently proposed
[25]. It is designed to exhibit a maximum SPP absorption at a
certain temperature within the frequency of interest. The
location of the absorption valley is sensitive to the changes of
the surrounding temperature with a sensitivity of 7.5 x 10®
THz/K. More importantly, the fabrication process of such a
structure is simple and complementary
metal-oxide-semiconductor (CMOS) compatible [26].

In this work, we would like to point out that the sensing
scheme in [25] could be realized using another novel method,
i.e. the Mach-Zehnder (MZ) interferometry. The
interferometric sensor consists of a semiconductor layer
embedded in a silicon membrane. The interference between the
two SPP waves, propagating along both surfaces of a
semiconductor layer, causes a modulation in the transmitted
intensity. The temperature-dependent transmission patterns
make the structure useful as a temperature sensor. Investigation
of temperature sensors is very important because the
temperature is a fundamental factor in many processes ranging
from industrial engineering to life sciences.

This paper is organized as follows: In Section Il, the basic
considerations and design principle are introduced. An
analytical interference model is also developed to predict the
THz response. In Section Ill, the modal and transmission
characteristics are studied using the Finite Element Method
(FEM). A temperature sensor is investigated based on the
optimized structural parameters and it achieves a sensitivity
(Figure of merit) as high as 8.9 x 10 THz/K (117). Finally, the
conclusions are discussed in Section V.

Il. BASIC CONSIDERATIONS AND DESIGN PRINCIPLE

A schematic sketch of the proposed Mach-Zehnder
interferometer-based (MZI) THz sensor is shown in Fig. 1. All
the structural characteristics and coordinating systems are also
depicted in the figure. The refractive indices of silicon (Si) and
silica (SiO,) are almost temperature (frequency) independent
within a temperature (frequency) range from 270 K (0.5 THz)
to 310 K (10 THz) [27, 28]; thus their refractive indices are
considered as constants of ng; = 3.4 and ng,, = 1.95 in the
present work [27, 28]. The losses of Si and SiO; are not taken
into account, because their extinction coefficients are negligible
within frequency of interest [29-31]. Moreover, the indium
antimonide (InSb) is selected as the semiconductor material
due to its narrow energy gap and large electron density, which
has been demonstrated to support the low-loss and
tight-confined THz SPP modes [32]. The permittivity of InSh
(g/msp) is described by the Drude model [33]
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where &,is the high-frequency permittivity, &, is the vacuum
permittivity, w is the angular frequency, y is the damping
constant, e is the electron charge, m, is the effective mass of
a free carrier, and N is the temperature-dependent intrinsic
carrier density which can be written as [33]

N (m™3) = 5.76 X 10T Sexp(— ) 2)
B

where T and kg are the operating temperature and Boltzmann
constant, respectively. In the very high frequency regime
(i.e. w/y » 1), Eq. 1 can be written approximately as
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As can be seen from Eq. 3, the term of 1/w? becomes very small
for very high frequencies, indicating that the distribution of
carrier density in Eg. 3 can be neglected. Using this
approximation, Eq. 3 can be simplified as &;,,5, = €. Thus at
high frequencies, the behavior of InSbh is like that for a
dielectric. On the other hand, in the very low frequency regime
(i.e. w/y « 1), Eq. 1 is approximate to
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According to Eqg. 4, the effect of carrier density on
Emsp DECOMes more important at very low frequencies. The
large carrier density gives rise to the large real/imaginary part
of refractive index, which makes the EM waves hardly
penetrate into the material of InSb. In this regard, the SPP wave
does not exist on a planar InSbh-dielectric interface at low
frequencies, or in other words, the material of InSb becomes the
perfect conductor. Therefore, the electromagnetic properties of
InSh are like those of metals at very low frequencies, while it
exhibits a dielectric-like behavior at very high frequencies. A
characteristic frequency at which the electromagnetic response
of InSb changes from a dielectric to a metal is called the plasma
frequency, i.e. wp =/Ne?/(ggmesr). The carrier density N
depends strongly on the temperature T, which makes the
plasma frequency wptunable by changing the temperature T. In
the following calculations, the adopted parameters of the Drude
model for InSb are set as &, = 15.68, m, ;s = 0.015 m, (where
m, is the mass of electron) and y = 0.1x THz [34].
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Fig. 1. Schematic diagram of proposed MZI-based THz temperature
sensor. Two separated propagating SPP waves are supported on both
surfaces of InSb layer.

Figure 2 (a) shows the real part of the permittivity of InSh
(Re(answ)) as functions of the operating temperature (T) and
frequency of incident wave (f). It can be found that the value of
Re(&insy) is affected by the variation of T. With certain values of
T and f, InSb can act as a plasmonic material because the
requirement for Re(ainsh) < 0 is satisfied. Fig. 2 (b) depicts the
dispersion relations for SPP on a single air-InSb interface with
different T. From it, one can see that the SPP dispersion curves



deviate from the air light line, indicating that the InSb is
capable of confining the EM waves on its surface, which is
similar to the SPP modes for metals at optical frequency range.
The SPP mode is loosely bound for a small value of g, but
becomes more tightly bound as g increases. What’s more, the
SPP dispersions are influenced by the choice of the temperature,
suggesting great promise for developing InSb-involved
temperature-tunable devices.
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Fig. 2. (a) Three dimensional (3D) plot of real part of permittivity of
InSb versus both temperature T and frequency f. Black line region
shown in Fig. 2 (a) is a case of Real (ansh) > 0. (b) Dispersion relations
for SPP existing on a single air-InSb interface with different
temperature T.

Assuming the waveguide is illuminated by a
transverse-magnetic (TM) polarized light via the end-fire
coupling scheme [35], then in principle, the two propagating
SPP waves (SPP; and SPP;) will be sustained on the upper and
lower surfaces of the InSb layer, i.e. the air/InSb interface
(sensing arm) and the Si/InSb interface (reference arm) [36].
The high refractive index difference between the air and Si
results in a mismatched wave-vector between SPP; and SPP;
waves, or in other words, the SPP; and SPP, waves will not
couple with each other and propagate independently. When
both SPP waves reach at the end of the InSb layer, they will
interfere with each other and couple into the Si waveguide layer,
depending on their relative phase difference (4¢). The total
transmitted intensity I can be given by

I ¢ cos(4¢) = cos[L(kspp, — Kspp,] 4)

where L is the length of the sensing arm, and kgpp, (kspp,) is
the wavevector of the SPP; (SPP,) wave which can be written

as
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where k,is the propagation constant in free space. According to

eq. (4), the constructive (destructive) interference of two SPP

waves will take place when the value of A¢ equals to even (odd)
multiples of z In this way, one can obtain the constructive

(destructive) resonance frequency f as

o

where c is the free-space light speed, and m is the even (odd)
integer. It is evident that the resonance frequency will change
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with the variations of T, which provides the basis of the
proposed sensing scheme.

I11. RESULTS AND DISCUSSION

In the following, the modal properties and transmission were
analyzed using the finite element method-based (FEM)
software package (COMSOL Multiphysics) with the Radio
Frequency (RF) module. A perfectly matched layer (PML) was
employed at the calculation boundaries to absorb the reflection
of the outgoing EM waves. Convergence tests were also done to
assure the meshing and boundaries do not affect the solutions.

To function as a good interferometer, both arms of the MZI
should be single mode waveguides, which is different from that
in [25], where the structure was designed as a multimode
waveguide (mode orders m = 0, 1 are supported). It is evident
that the sensing arm supports one SPP: mode only. For the
reference arm, the number of the supported mode is determined
by the layer thickness D. To find the critical value of D for the
single mode operation, Fig. 3 (a) shows the dependence of the
real parts of effective mode indices for all guided modes with
parameter D and frequency f. In this simulation, the other
parameters are selected as follows: d =5 um,ng=1and T =
300 K. As shown in Fig. 3 (a), the SPP, modes exist for all
values of D considered in this plot, while for the fundamental
waveguide (FWG) modes, they cannot be supported while D is
smaller than 43 pm (58 um) at frequency of 1.4 THz (1 THz),
where their effective refractive indices are smaller than that of
Si0,, indicating the substrate leakage takes place.
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Fig. 3. (a) Real parts of effective refractive indices for all supported
modes versus diameter D with different frequency f. Dotted line
represents refractive index of SiO2. Normalized energy density
distributions for (b) FWG mode with [D, f] = [70 um, 1.4 THz], (c)
FWG mode with [D, f] = [43 um, 1.4 THz] and (d) SPP2mode with [D,
f] = [40 um, 1.4 THz].



The normalized energy density distributions for the FWG
modes at frequency of 1.4 THz with D =70 umand D = 43 um
are shown in Fig. 3 (b) and (c), respectively. Clearly, the energy
of the FWG mode starts to radiate into the silica for the
waveguide with D < 43 um. Therefore, in the following study,
the value of D is fixed at 40 um to ensure the reference arm
behaving as a single mode waveguide. Fig. 3 (d) also depicts
the normalized energy density distribution for the SPP, mode
with f = 1.4 THz and D = 40 um. It is shown that a negligible
part of energy is located on the sensing arm, indicating that the
phase property of the SPP, wave is not sensitive to any
surrounding refractive index change. On the other hand, the
field of SPP2, mode distributed inside the InSb provides a very
effective overlap between SPP;and InSh (whose permittivity is
temperature-dependent), which potentially influents the
temperature sensitivity.

The results in Fig. 4 (a) show the normalized transmission
spectra with different length L. The parameters are chosen as D
=40 um,d =5 pum, ng =1 and T = 300 K for calculations. The
obvious spectral oscillations are observed, and the transmitted
intensity becomes smaller as L increases because of the
increased propagation loss. The interference pattern exhibits a
faster oscillation with the increase of L leading to the decreased
valley linewidth. For example, the full width at half maximum
(FWHM) for L = 1500 pm at f = 1.065 THz is 0.011 THz (~ 2.8
um), which is two times smaller than that for L = 1000 pm at f =
1.073 THz with FWHM = 0.025 THz (~ 6.5 um). This is
physically reasonable because the interference period P is
inversely proportional to the length L, i.e. P o A2/L[16].
Moreover, through the further observation in Fig. 4 (a), one can
find that the interference contrast ratio between the maximum
and minimum transmissions increases as frequency f decreases.
This is due to the propagation loss of SPP wave decreasing as
frequency f decreases, which results in the stronger interference,
resulting in a larger transmission contrast. Fig. 4 (b) depicts the
relationship between the frequency f and integer m based on the
analytical model developed above with L = 1000 um (Eq. (6)).
The predicted spectral positions of the peaks (where m are the
even integers) agree very well with the FEM- simulated results,
which validates our hypothesis that the oscillation patterns of
transmission are the result of the interference between SPP; and
SPP;, waves.

To illustrate the feasibility of our sensing scheme, a
temperature sensor was studied, as the phase difference
between SPP; and SPP, waves is temperature-sensitive, or in
other words, when SPP; and SPP,waves arrive in (out of) phase
at the end of the InSb layer, the constructive (destructive)
interference gives rise to the maximal (minimal) transmission.
It is important to investigate this because the temperature
sensors are the key components of any process-heating
application because they provide temperature feedback about
the process [37].
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Fig. 4. (@) Normalized transmission spectra of MZI for the different
value of L. (b) Relationship between integer m and frequency f
obtained from Eq. 5 with L = 1000 um.

Fig. 5 (a) depicts the normalized transmission spectra for
different temperatures of T with D =40 um,d =5 um, ng=1
and L = 1000 um. As can be seen, the dip shifts toward a larger
frequency as T increases, indicating that the variations of
temperature can be monitored by measuring the shift of the
valley frequency. The estimated sensitivity is 8.9 x 103 THz/K,
which are comparable to that of 7.5 x 10-® THz/K achieved in
[25], but six times improved than that reported in [23] (1.425 %
10 THz/K). The structure offers an improved sensing
performance. However, the frequency gap between two
neighboring valleys is narrow (the frequency gap is 0.075 THz
for T = 296 K), which limits the frequency range that can be
monitored without the valley overlap. For example, within the
frequency range of 0.075 THz, as T increases from 296 K to
305 K, the valleys starts to overlap (as marked by the dotted
ellipse in Fig. 5 (a)). One effective way to overcome this
limitation is to enlarge the interference period by decreasing the
length L. Therefore, Fig. 5 (b) shows the normalized
transmission spectra with L = 300 um. As expected, the range
of detecting temperature is two times (from 290 K to 310 K)
widened compared to the device with L = 1000 um (from 296 K
to 305 K). Interestingly, this widened detecting range is
achieved without sacrificing the sensitivity, which is estimated
as 8.3 x 10° THz/K.
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Fig. 5. Normalized transmission spectra of MZI-based temperature
sensor for (a) L = 1000 um and (b) L = 300 um. The dotted ellipses
indicate the overlap of valleys.



Another widely used key factor to evaluate the sensing
performance is the Figure-of-Merit (FOM), which is defined as
the ratio between the sensitivity S and FWHM, i.e. (S x
T)/IFWHM. The sensitivities for structures with L = 300 um and
L = 1000 um are comparable. However, the FoM for case of L =
1000 um (FoM = 117, with f=1.156 THz and T = 300 K) is four
times that of L =300 um (FoM =29, withf=1.213 THzand T =
300 K). The result suggests that the FoOM can be further
enhanced by extending the length L, but the transmitted
intensity will get lower, as shown in Fig. 4 (a).

Note that the structure is compatible with the CMOS
technique. The suggested fabrication steps of the proposed
structure are schematically shown in Fig. 6, which involve: (1)
Deposition of a PMMA layer on a SOI substrate; (2) The
groove could be formed by the electron-beam lithography
(EBL) technique; (3) Deposition of InSb film with the ratio
frequency magnetron sputtering technique [38]; (4) The
PMMA layer could be dissolved in acetone and complete the
proposed structure. However, a certain level of fabrication error
is inherent in the process, i.e. the error of the etching depth h (as
shown in the inset of Fig. 7 (a)). Thus, the discussion about the
fabrication tolerance is highly desired. 7 (a) shows the variation
of the sensitivity S as well as FOM versus h. In this simulation,
the parameters are D =40 um, d =5 um, ng = 1 and L = 1000
um. It can be found that both values of S and FoM decrease
when h increases. However, the decrease is modest. For
example, if the value of h changes within 1 um, the sensitivity S
and FoM experience less than 0.5% and 8% variations,
respectively. Particularly, the variation of the sensitivity S is as
small as 1%, even when h equals to 2 um. In addition, an
alternative interferometer could be realized by lying the InSb
film on top of the Si substrate, as shown in the inset of Fig. 7 (b)
with t =d =5 pum. From it one can see that the influence of shift
t on the sensing performance is insignificant. Such small
variations of S on h (t) are because the propagation properties of

SPP; and SPP;, waves are slightly affected by the change of h (t).

The simulation results confirm that the structure has a very
good tolerance to the fabrication errors.
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Fig. 6. Schematic diagrams of suggested fabrication steps.
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On the basis of the above discussions, one can find that the
sensing performance is highly affected by the sensing length L;
therefore, carefully selecting the value of L is crucial. The
choice of L should be made to balance the sensitivity, the
interference period, the transmitted intensity and the FoM. For
example, the narrow interference period and high FoM are
preferred for biosensing applications, due to the small
refractive index variation [39]. On the other hand, the proposed
interferometry structure is foreseen to open new horizons in
developing the electro-/thermo-THz modulators [40]. For
example, THz modulation can be achieved via the free carrier
plasma dispersion effect, in which a change in carrier density is
used to change the refractive index of the semiconductor, which
in turn modifies the propagation velocity of THz and the
absorption coefficient.

IV. CONCLUSIONS

In conclusion, we have proposed and investigated a plasmonic
MZIl-based temperature sensor, which consists of a
semiconductor layer embedded in a silicon membrane. Two
propagating SPP waves are supported on both surfaces of the
semiconductor layer, and their phase difference is influenced
by the surrounding temperature. As a result, the field
amplitudes of the two SPP waves interfere with each other,
resulting in a modulation in the transmitted intensity. A
theoretical interference model was also developed to predict the
THz response, and it was validated by the FEM simulation.
With the optimized parameters, the sensitivity and FoM could
reach up to 8.9 x 10 THz/K and 117, respectively. We also
demonstrated that the MZI sensor has a good tolerance to the
fabrication errors. The enhanced sensing performance makes
this compact device promising for integrated THz sensing
platforms.
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