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A plasmonic Mach–Zehnder interferometric sensor based on a semicircular aperture-slit nanostructure patterned on
a metal–insulator–metal film is proposed and demonstrated by finite difference time domain (FDTD) simulation. Due to
the interference between two different surface plasmon polariton modes in this design, the transmission spectra exhibit
oscillation behaviors in a broad bandwidth, and can be readily tailored by changing the SPP path length and core layer
thickness. Based on this principle, the characteristics of refractive index sensing are also demonstrated by simulation. This
structure is illuminated with a collimated light source from the back side to avoid impacts on the interference. Meanwhile,
these results show that the proposed structure is promising for portable, efficient, and sensitive biosensing applications.
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1. Introduction
Since Ebbesen reported on extraordinary optical trans-

mission (EOT) in 1998, metallic nanostructures have been
the focus of intense research due to their unique op-
tical properties.[1–5] Surface plasmon polaritons (SPPs),
electromagnetic waves propagating along dielectric–metal
interfaces,[6,7] have tight field confinements and large en-
hancement effects of localized fields. As a result, they are
quite sensitive to the index variations of the nearby or sur-
rounding dielectric medium. This attractive property of SPPs
is the basis for surface plasmon resonance (SPR) biosens-
ing, which typically uses prisms to couple light into a sin-
gle surface plasmon mode on a flat, continuous metal film
in the Kretschmann configuration.[8] While this approach has
a sensitive detection capability, the intrinsic size and align-
ment requirements of prism-based SPR sensors are a sig-
nificant limitation for applications requiring integrated, low-
cost, compact devices for portable, and rapid bioanalyti-
cal measurements.[9–12] Nanoplasmonic sensors employing
nanoparticles or nanostructured metallic films to couple the
incident light directly into SPPs are an emerging sensing
platform that can help overcome the above limitations.[10–13]

They permit low-cost, miniaturized biosensing and the po-
tential for high-multiplexing detection without requiring a
bulky and complex prism-coupling configuration. Various
nanoplasmonic structures have been successfully applied to
novel biosensing applications, including catalytic reaction
probes,[14] molecular vibrational spectroscopy,[15] enhanced
detection of chiral molecules,[16] and live viruses detection.[17]

However, the relatively low sensitivities and large detection
limits of nanoplasmonic sensors reported are drawbacks that
must be addressed.

Surface plasmon interferometry has recently been sug-
gested as a promising new technique for ultrasensitive plas-
monic biosensing. By tailoring the nanostructure as well as the
amplitude and phase of propagating SPPs in two interfering
channels, one can effectively engineer the line shapes, provid-
ing new opportunities to improve sensor performance.[18–22]

In our previous report,[23] a plasmonic interferometer con-
sisting of a central aperture surrounded by two semicircular
nanogrooves patterned on a gold film has been demonstrated.
While this proposed structure has advantages of high contrast,
simple structure, and compact dimension, its sensitivity still
needs to be increased.

In this work, we propose a compact plasmonic Mach–
Zehnder interferometer (MZI) for sensitive and multiplexed
sensing. This simple interferometric sensor consists of a
semicircular aperture-slit nanostructure patterned on a multi-
layered film. The semicircular slit scatters a normally in-
cident light beam into multi-frequency SPPs propagating at
the metal/dielectric interface and in the metal–insulator–metal
(MIM) waveguide, respectively, leading to an interference at
the aperture in the far-field scattering. The finite-difference
time-domain (FDTD) method is employed to verify the pro-
posed design. The simulation results illustrate that our scheme
provides tunability for sensing capability. Furthermore, the
structure proposed in this work has the advantages of improved
sensitivity, simple design, and compact dimension.
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2. Structure design and simulation method
The proposed plasmonic MIM-MZI structure is illus-

trated in Fig. 1(a). A three-layered MIM film (i.e., Au–SiO2–
Au) is deposited on a glass substrate. The thickness t of the Au
layer is 300 nm and the core SiO2 layer thickness d is 100 nm.
One deep semicircular nanoslit with a width of w = 300 nm is
patterned through all three layers. An aperture with a radius of
r = 150 nm is patterned through the first metal film only.

As shown in Fig. 1(b), the sensing arm of this MZI de-
sign is the top Au/dielectric interface supporting single inter-
face SPPs (SI-SPPs). The reference arm is the core SiO2 layer
sandwiched by two Au films, supporting MIM-SPPs. When
the semicircular nanoslit is illuminated by a collimated light
beam from the glass substrate side, it scatters part of the in-
cident radiation into SI-SPPs (sensing arm) and MIM-SPPs
(reference arm), respectively. These two SPP modes propa-
gate along the light paths and will be scattered by the central
aperture, leading to an interference in the far-field transmis-
sion. This plasmonic MZI design prevents the sensing arm
from being illuminated by the incident light, hence releasing
the two SPP modes interference requirement. The main differ-
ence between this structure and the previously reported single-
layered MZI design[19,24,25] is that the reference arm is now a
MIM-waveguide rather than a flat metal/glass interface. For
this case, the resulting total interference intensity can be de-
scribed as follows:

I ∝ cos((Re(βSI)−Re(βMIM))L+ϕ0), (1)

where L is the arm length of the interferometer (i.e., radius
of the semicircular nanoslit). Re(βSI) and Re(βMIM) repre-
sent the real parts of the propagating constants of SI-SPP and
MIM-SPP, respectively. ϕ0 is an additional constant phase dif-
ference between the two SPPs due to coupling and scattering
processes. The propagation constant for the SI-SPP mode is
given by βSI = 2π

√
εmεd/(εm + εd)/λ , where εm and εd are

permitivities of metal and dielectric materials on the top inter-
face, respectively. The propagation constant for the MIM-SPP
mode can be calculated by[26,27]

tanh
(

kdd
2

)
=−kmεd

kdεm
, kd,m =

√
β 2

MIM− εd,mk2
0. (2)

Here d is the width of the MIM waveguide and k0 = 2π/λ is
the light propagation constant in a vacuum.

To examine the interplay between the multiple geometric
parameters and the device characteristics, the FDTD commer-
cial software package (Lumerical Solution Inc.) is adopted
in our numerical analyses. In the FDTD three-dimensional
(3D) calculations, the plane wave is normally incident from
the back substrate and polarized along the y-axis. Perfectly
matched layers (PML) boundary conditions are applied in all
directions of the simulation domain. Automatic nonuniform

conformal mesh technology is used for the simulation consid-
ering the size of the proposed model, and the grid size is set
to 5 nm for the aperture region. Theoretically, the calculation
result is acceptable as long as the mesh size is less than λ/10.
The optical response of gold is modeled through the fitting of
experimental data by multi-coefficient models.[28]
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Fig. 1. (color online) (a) Schematic of the proposed plasmonic MIM
interferometer. (b) Cross-sectional view and the working principle of
the interferometer structure.

3. Results and discussion
3.1. Dependence of interference spectra of the MIM-MZI

on arm length

With the FDTD-based method, the spectra of the pro-
posed interferometer with varied arm lengths (L) are simu-
lated. The refractive index of the dielectric is 1.331. Fig-
ure 2(a) shows a simulated color map of light intensity at the
aperture of a series of plasmonic interferometers with varying
L (6–15 µm, in steps of 50 nm) as a function of wavelength
(600–1000 nm). This color map is constructed by stacking
spectra (vertical black box in Fig. 2) of plasmonic MIM-MZIs
according to increasing L. It is obvious that the color of each
point in the map corresponds to the simulated interference in-
tensity for an interferometer with a specific arm length and
wavelength. It is found that as the arm length L increases, the
maximum amplitude of the light intensity gets enhanced. The
increase results from the larger L causes more excitation of
SPPs from the semicircular slit. With larger L, there are more
peaks and valleys in the spectra (vertical cuts), which leads
to smaller full width at half maxima (FWHM). As shown in
Fig. 2(b), several simulated interference spectra are demon-
strated for MIM-MZIs with arm length L of 6 µm, 9 µm,
12 µm, and 15 µm, respectively. The light intensity detected
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Fig. 2. (color online) (a) Simulated 2D color map of interference spectra of plasmonic interferometers as a function of arm length L
and wavelength λ . (b) Interference spectra for plasmonic interferometers with L = 6 µm, 9 µm, 12 µm, and 15 µm, respectively. (c)
A spectrum as a function of arm length L for a fixed wavelength (823.9 nm).

at the aperture can be enhanced or suppressed depending on
the incident wavelength. It is noticed that the vertical cut in
Fig. 2(a) corresponds to interference spectra for the interfer-
ometer with arm length L = 9 µm. Figure 2(c) shows an inten-
sity profile as a function of arm length L, for a given incident
wavelength (for example at 823.9 nm, as indicated by the hor-
izontal black box in Fig. 2(a)). By setting λ to constant in
Eq. (2) and using Eq. (1), we can calculate the oscillation pe-
riod to be 1800.6 nm, agreeing reasonably well with the simu-
lated result of 1800 nm shown in Fig. 2(c). This demonstrates
the operating principle of the proposed device.

3.2. Influence of core layer thickness on interference spec-
tra

Figure 3(a) shows interference spectra of the plasmonic
interferometer with different core layer thicknesses and arm
length L = 15 µm is chosen here. It is known that an MIM
waveguide is able to support multiple optical modes depending
on its core layer thickness. As shown in the simulation results,
for the interferometers with core layer thicknesses of 100 nm,
150 nm, and 200 nm, the interference spectra exhibit different
phase and intensity properties. It is found that the spectrum
for the thickness of 200 nm shows amplitude fluctuation at the
long wavelength location. Multi-modes will be allowed in the
MIM waveguide as the thickness increases, leading to multi-
ple interferences involving different orders of MIM-SPPs and
SI-SPPs in this design. Therefore, we select a d of 100 nm
to support interference between SI-SPP and the TM0 mode to
obtain clear spectral interference patterns.

The calculated electric field distributions at the inter-
ference peak and valley wavelengths for d = 100 nm and
L = 15 µm are shown in Fig. 3(b). Good light enhancement
and light cancellation can be clearly visualized at the central
aperture location, which correspond to the constructive and
destructive interferences, respectively. The calculated field
distributions of |Ex| and |Ez| components are also shown in
Fig. 3(b). It is worth noticing that the |Ex| component plays a
main role in determining the enhanced light transmission and
suppression through the interferometers.

In order to further understand the characteristics of the
proposed plasmonic interferometer, a similar design with full
circle nanoslit is also simulated to make a comparison. The
two samples are both set with arm length L = 15 µm and
d = 100 nm. As shown in Fig. 4, though the plasmonic in-
terferometer with full circle nanoslit can generate more SPPs,
the model we proposed has effectively decreased the cross-
talk caused by the structural symmetry, providing promising
potential for refractive index sensing. Also, the semicircular
slit and aperture cannot be concentrically formed. As shown
in Fig. 5(a), D is defined as the offset distance between the cen-
ter of the semicircular slit and the hole. Figure 5(b) shows the
simulated spectra for MZI designs with centrifugal distances
of 0, 500 nm, and 1000 nm. It is found that the interference
pattern of the plasmonic structure blue-shifts upon the increase
in the centrifugal distance D, and the intensity of the transmis-
sion also gets weakened. The semicircular structure design
ensures SPPs propagate radially, which allows a limited por-
tion of SPPs to propagate towards the hole location.
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Fig. 3. (color online) (a) Interference spectra for MIM-MZIs with increasing core layer thicknesses of 100 nm, 150 nm, and 200 nm.
(b) Calculated electric field distributions |E|, |Ex|, and |Ez| at the interference peak and valley wavelengths.
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Fig. 4. (color online) Comparison of spectra for interferometers with
semicircular slit and full circular slit.
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Fig. 5. (color online) (a) Schematic of the proposed plasmonic MIM
interferometer with centrifugal distance. (b) Simulated spectra for MZI
designs with centrifugal distances of 0, 500 nm, and 1000 nm.

3.3. Sensing properties

According to the working principle of the proposed struc-
ture, a change in refractive index occurring on the sensing arm
can cause a spectral shift of the interference pattern, provid-
ing the basis of the sensing scheme. The sensitivity (S) of the
plasmonic sensors is determined by S = ∆λ/∆n, where ∆λ is
the spectral shift of the peak wavelength resulted from a re-
fractive index change ∆n of the sample surrounding the nanos-
tructure. In this context, to explore the performance of the
plasmonic interferometer, we calculate the interference pat-
terns of the structure with d = 100 nm and L = 15 µm, when
n changes from 1.331 to 1.352. As shown in Fig. 6(a), the in-
terference pattern blue shifts as the refractive index increases,
and the intensity also gets strengthened or weakened at dif-
ferent peak positions. The peak wavelengths of peak 1 (at
around 831.2 nm) and peak 2 (at around 910 nm) are measured
as a function of the refractive index and plotted in Fig. 6(b).
One can see that the positions of the peaks vary approximately
linearly with the refractive index of the surrounding environ-
ment. The sensitivities are estimated to be 1055.6 nm/RIU
and 1313.4 nm/RIU for peak 1 and peak 2, respectively. It is a
unique advantage of this interferometric sensor that the signal
changes occur over a broad spectral range. The figure of merit
FOM = S/∆λ , which is defined as the refractive index sensi-
tivity divided by the sensing peak linewidth, is estimated to be
33.3. To explore this sensor’s property for sensing schemes
that require intensity interrogation, we use the figure of merit
FOM∗ to evaluate the performance of the proposed structure,
which is defined as[29]

FOM∗ = lim
∆n→0

∆I/I0

∆n
. (3)

Here, ∆I is the light intensity change of a fixed wavelength,
and I0 is the reference intensity of the sensor in water. As
shown in Fig. 7, FOM∗ can reach 127.2 at a wavelength of
873.9 nm. According to these parameters for evaluating the
performance of the nanoplasmonic sensor, the proposed de-
sign has improved the sensitivity and exhibits a good sensing
ability for potential applications.
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Fig. 6. (color online) (a) The interference spectra of the MIM-MZI for
different refractive indices. (b) Peak wavelength (peak 1 and peak 2 of
831.2 nm and 910 nm, respectively) as a function of the refractive index
at the metal/dielectric interface.
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Fig. 7. (color online) Calculated FOM∗ as a function of wavelength.

4. Conclusion
We have proposed a novel plasmonic MIM-MZI based

on light interference between SI-SPP and MIM-SPP, using

a simple semicircular slit-aperture design. We have demon-
strated the working principle both theoretically and numeri-
cally. According to the simulation results, the proposed de-
sign exhibits good tunability by changing the arm length and
core layer thickness. The interference spectra show both phase
and amplitude change as the refractive index changes. This
design demonstrates good sensing properties, and will enable
the development of low-cost, multiplexed, and compact plas-
monic sensor for biosensing devices and portable optical ap-
plications.

References
[1] Genet C and Ebbesen T W 2007 Nature 445 39
[2] Schuller J A, Barnard E S, Cai W, Jun Y C, White J S and Brongersma

M L 2010 Nat. Mater. 9 193
[3] Maier S A 2007 Plasmonics-Fundamentals and Applications 52 49
[4] Wei F F, Wang H Y and Zhou Y S 2013 Chin. Phys. B 22 024201
[5] Ni H, Wang M, Hao H and Zhou J 2016 Nanotechnology 27 225301
[6] Barnes W L, Dereux A and Ebbesen T W 2003 Nature 424 824
[7] Chen J J, Li Z, Yue S and Gong Q H 2010 Appl. Phys. Lett. 97 041113
[8] Homola J 2008 Chem. Rev. 108 462
[9] Yan R, Mestas S P, Yuan G, Safaisini R, Dandy D S and Lear K L 2009

Lab Chip 9 2163
[10] Anker J N, Hall W P, Lyandres O, Shan N C, Zhao J and Van Duyne R

P 2008 Nat. Mater. 7 442
[11] Stewart M E, Anderton C R, Thompson L B, Maria J, Gray S K, Rogers

J A and Nuzzo R G 2008 Chem. Rev. 108 494
[12] Lal S, Link S and Halas N J 2007 Nat. Photon. 1 641
[13] Mayer K M and Hafner J H 2011 Chem. Rev. 111 3828
[14] Larsson E M, Langhammer C, Zoric I and Kasemo B 2009 Science 326

1091
[15] Adato R, Yanik A A, Amsden J J, Kaplan D L, Omenetto F G, Hong M

K, Erramilli S and Altug H 2009 Proc. Natl. Acad. Sci. USA 106 19227
[16] Hendry E, Carpy T, Johnston J, Popland M, Mikhaylovskiy R V,

Lapthorn A J, Kelly S M, Barron L D, Gadegaard N and Kadodwala
M 2010 Nat. Nanotechnol. 5 783

[17] Yanik A A, Huang M, Kamohara O, Artar A, Geisbert T W, Connor J
H and Altug H 2010 Nano Lett. 10 4962

[18] Gao Y, Gan Q, Xin Z, Cheng X and Bartoli F J 2011 ACS Nano 5 9836
[19] Wu X, Zhang J, Chen J, Zhao C and Gong Q 2009 Opt. Lett. 34 392
[20] Feng J, Siu V S, Roelke A, Mehta V, Rhieu S Y, Palmore G T R and

Pacifici D 2012 Nano Lett. 12 602
[21] Li X, Tan Q, Bai B and Jin G 2011 Opt. Express 19 20691
[22] Yavas O and Kocabas C 2012 Opt. Lett. 37 3396
[23] Shen M, Wang M, Zhou J, Du L and Deng C 2016 Plasmonics 17
[24] Schouten H F, Kuzmin N, Dubois G, Visser T D, Gbur G, Alkemade P

F A, Blok H, Hooft G W t, Lenstra D and Eliel E R 2005 Phys. Rev.
Lett. 94 053901

[25] Gan Q, Gao Y and Bartoli F J 2009 Opt. Express 17 20747
[26] Prade B, Vinet J Y and Mysyrowicz A 1991 Phys. Rev. B 44 13556
[27] Ginzburg P, Arbel D and Orenstein M 2006 Opt. Lett. 31 3288
[28] Johnson P B and Christy R W 1972 Phys. Rev. B 6 4370
[29] Becker J, Trugler A, Jakab A, Hohenester U and Sonnichsen C 2010

Plasmonics 5 161

077301-5

http://dx.doi.org/10.1038/nature05350
http://dx.doi.org/10.1038/nmat2630
http://dx.doi.org/10.1088/1674-1056/22/2/024201
http://dx.doi.org/10.1088/0957-4484/27/22/225301
http://dx.doi.org/10.1038/nature01937
http://dx.doi.org/10.1063/1.3472251
http://dx.doi.org/10.1021/cr068107d
http://dx.doi.org/10.1039/b902111f
http://dx.doi.org/10.1039/b902111f
http://dx.doi.org/10.1038/nmat2162
http://dx.doi.org/10.1021/cr068126n
http://dx.doi.org/10.1038/nphoton.2007.223
http://dx.doi.org/10.1021/cr100313v
http://dx.doi.org/10.1126/science.1176593
http://dx.doi.org/10.1126/science.1176593
http://dx.doi.org/10.1073/pnas.0907459106
http://dx.doi.org/10.1038/nnano.2010.209
http://dx.doi.org/10.1021/nl103025u
http://dx.doi.org/10.1021/nn2034204
http://dx.doi.org/10.1364/OL.34.000392
http://dx.doi.org/10.1021/nl203325s
http://dx.doi.org/10.1364/OE.19.020691
http://dx.doi.org/10.1364/OL.37.003396
http://dx.doi.org/10.1103/PhysRevLett.94.053901
http://dx.doi.org/10.1103/PhysRevLett.94.053901
http://dx.doi.org/10.1364/OE.17.020747
http://dx.doi.org/10.1103/PhysRevB.44.13556
http://dx.doi.org/10.1364/OL.31.003288
http://dx.doi.org/10.1103/PhysRevB.6.4370
http://dx.doi.org/10.1007/s11468-010-9130-2
http://dx.doi.org/10.1007/s11468-010-9130-2

	1. Introduction
	2. Structure design and simulation method
	3. Results and discussion
	3.1. Dependence of interference spectra of the MIM-MZI on arm length
	3.2. Influence of core layer thickness on interference spectra
	3.3. Sensing properties

	4. Conclusion
	References

