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Plasmon Polariton (DC-SSPP) Waveguide
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Abstract—The paper describes the design and analysis of a
Mach-Zehnder interferometer (MZI) structure consisting of
doubly-corrugated spoofed surface plasmon polariton (DC-SSPP)
waveguide. The dependence of phase change on the dielectric
loading of the DC-SSPP structure causes the output from both
arms to interfere and enhances features on the transmission
spectrum of the MZI. The paper uses a mathematical model to
predict the phase accumulation of THz signals travelling through
each arm of the MZI with various sample loadings. HFSS simu-
lation has been performed to verify the theoretical modeling and
produce more sophisticated results. The paper demonstrates that
compared with single-armed SSPP waveguide, the proposed MZI
structure shows significant shift of the transmission maxima and
minima with high quality factors for the transmission peaks when
different materials are loaded. The paper also demonstrates that
the proposed DC-SSPP MZI structure can be potentially used in
tag-free bio-molecular sensing. The highly localized E-M field at
frequencies close to SSPP resonance is shown to reduce the sample
amount needed to produce interference patterns without affecting
the selectivity of the sensing structure.

Index Terms—Bio-molecular sensing, doubly-corrugated
spoofed surface plasmon polariton (DC-SSPP), Mach-Zehnder
interferometer (MZI), phase difference.

1. INTRODUCTION

ERAHERTZ elements and devices designed to work
T in the frequency range of 0.1-10 THz have attracted
enormous research activities in the past decade or so due to
its potential use in applications such as astronomical remote
sensing, tag-free bio-molecular detection, and monitoring of
harmful chemicals [1]-[4]. Intensive studies on the generation,
transmission and detection mechanisms of THz signals also
demonstrated the possibility of building integrated circuits
in THz frequency range, which is known to have broader
bandwidth than the operating frequency range of the cur-
rent-generation VLSI devices and circuits [5]-[8]. A major
hurdle encountered by designers of THz logic components is
how to realize low-loss and low-dispersion transmission of
electromagnetic signals. One way to overcome the problem is
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to introduce periodic surface features such as holes, grooves,
and dimples onto the material interface of the structure, which
generates a special surface mode known as the Spoofed Sur-
face Plasmon Polariton (SSPP) [9]-[11]. Such pseudo mode
mimics the common optical surface plasmon mode traveling
at dielectric-metal interface, and therefore has a similar mode
profile with strongly confined £ — M field and localized energy
distribution [12]-[15].

By introducing one-dimensional (1-D) periodic grooves on
opposite interfaces of metal-dielectric-metal waveguides, we re-
alized the doubly-corrugated SSPP (DC-SSPP) structure. Our
previous work provided extensive theoretical study along with
computer simulations to demonstrate the existence of discrete
transmission bands as well as SSPP modes with close-to-zero
group velocity in such DC-SSPP structures [7], [15]. It has also
been shown that the spectral response of DC-SSPP structures
strongly depends on the geometrical dimensions and the choice
of building materials. As a result, a number of passive and ac-
tive SSPP components such as frequency filters and Boolean
switches have been proposed and the related research work has
been reported in other publications from our group [7], [15],
[16].

A common issue in the design of THz components is to
achieve better spectral selectivity in the form of sharper trans-
mission peaks. Higher sensitivity to the structural change
caused by external stimuli is also preferred in the design of sen-
sors and active components alike. Song et al. has proposed the
Waveguide-Cavity-Waveguide structure on top of the DC-SSPP
design, which has provided a quality factor of Q ~ 700 for its
transmission peaks. With such high-Q@ factor, a binary switching
of state can be triggered by slightly modulating (~0.01) the
refractive index of the dielectric material [16]. In this paper,
we propose an interferometer design which combines two arms
of the DC-SSPP structure together to form a Mach-Zehnder
interferometer (MZI). While the MZI structure is often used in
other scenarios to realize signal controls based on phase delay,
with the help of DC-SSPP structure this structure is applied to
the THz frequency domain.

The paper is organized as follows: In Section II a mathe-
matical model is provided to characterize the phase shift of the
DC-SSPP structure when loaded with different dielectric mate-
rials. In Section III computer simulations for different DC-SSPP
MZI structures are carried out and the simulation data are ana-
lyzed. Discussions on the MZI structure and its applications in
bio-sensing are provided in Section IV, followed by a brief con-
clusion in Section V.

2156-342X/$31.00 © 2012 IEEE
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II. THEORETIC ANALYSIS

The DC-SSPP structure under investigation is illustrated in
Fig. 1. In order to derive the mathematical form of the dispersion
relation, such structure is divided into two regions: Region I is
the main waveguide cavity without corrugations, and Region II
represents the periodic groove areas. Mirror symmetry of the
structure dictates the modes to be either symmetric or anti-sym-
metric along the z-axis. The z-component of the mode, on the
other hand, is best expressed by Floquet mode expansions due to
the periodic nature of the waveguide. With these considerations,
for the symmetric mode, the EM fields within the two regions
(Region I and Region II) are expressed below [15].
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In the above descriptions, a, d, h,t, W are different geomet-
rical dimensions of the structure, as shown in Fig. 1. kg_’} and

kgnj) denote the wavevectors of the nth-order Floquet mode
along z- and z-axis in Region I, and p,, signifies its amplitude
coefficient. Correspondingly, &k, rr and k. ;; denote the wave
vectors along the two axis in Region II. Other variables are
defined as follows:
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Fig. 1. Cross section of the single-armed DC-SSPP structure with different
geometric dimensions labeled. W is the width of the waveguide along the y-di-
rection. The structure can be divided into Regions I and II as shown.

Across the boundary between Regions I and II, the E—M
fields must be continuous. By equating I, and H, in the two
regions and integrate both sides of the two equations along one
period of the structure, we have the following equation:

T
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The tangential £ field must vanish at the bottom of the
groove. Therefore we have, from (4)

B+ejkz,nh _B—e—ijkz,llh = 0. (8)

By combining (5) and (8), a matrix equation for [BT, B_]T
is obtained. For it to have non-trivial solutions, the determinant
of the matrix must be zero. The dispersion relation can be hence
obtained as below:
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Following a similar procedure, the dispersion relation of the
anti-symmetric mode can be derived to be:
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The wave vectors as mentioned above are functions of refrac-
tive index n of the dielectric material. Therefore, when a mod-
ulation on n is somehow introduced, it is possible to modulate
the wave vector, hence the phase accumulation of the THz wave
traveling within the structure. As an example, the dispersion re-
lationship of one DC-SSPP structure (d = 100 ym, a/d = 0.1,
h/d = 0.8,t/d = 1/3, W = 300 pm) calculated from (9)
using MATLAB! is shown in Fig. 2 . The waveguide is made
of dielectric materials having three different refractive indices
no = 1, n1 = 1.05 and ny = 1.15. In the figure the dispersion

IMATLAB, Mathworks Inc., Natick, MA.
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Fig. 2. Dispersion relation of the single-armed DC-SSPP structure when filled
with dielectric material of different refractive indices.
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Fig. 3. Difference in phase accumulation for THz signals as a function of fre-
quency between three refractive indices (no = 1,77, = 1.05 and n, = 1.15),
as obtained using the analytical model and HFSS simulations, respectively.

curve is seen to be significantly lowered when higher refractive
index material is used.

A natural result of this modified dispersion relations is the
difference in phase accumulations when the THz signals prop-
agate through such DC-SSPP structures with different dielec-
tric constant. In Fig. 3 we show the phase difference of THz
signals after it travels through seven periods of the DC-SSPP
waveguide with three refractive indices (ng = 1,n; = 1.05 and
ny = 1.15). The solid lines represent the result obtained from
our mathematical model and the dashed lines show the simula-
tion results obtained using HFSS software? . It is observed that
the two curves are close to each other with frequencies far from
the SSPP resonance. Near the band-gap region, despite the ob-
servable disparities, both curves show a sharp increase of the
phase difference, as is predicted from Fig. 2 with flattened dis-
persion curves.

The two curves have a diverging discrepancy near the band-
gap, to which various reasons may apply. The main factor con-
tributing to this difference is the edge effect, which signifies the
distorted strong F—M field around the edges of the grooves near
resonance. Under such circumstance, the waveguide cannot be
accurately described as the combination of the distinctive Re-
gion I and Region II, which can give rise to errors in the an-
alytical calculation. Our previous works have studied the same

2Ansoft HFSS, Ansys Inc., Pittsburg, PA.

structure using both analytical models and CST simulation soft-
ware [15].3. Between two approaches a difference of ~0.07 THz
in resonance frequency is demonstrated. Such number agrees
with the results we obtained here.

Another basic difference in the two approaches is the assump-
tion of an infinite waveguide in our mathematic model, whereas
in HESS simulation the structure must have a finite length in the
propagation direction. To study the effect of the latter, we simu-
lated similar structures with different number of periods up to 20
grooves. The results demonstrate close to linear change of the
signal phase delay and no significant alleviation of the discrep-
ancy with the increase in the waveguide length, therefore ruled
out its contribution to such disparities. We will hence consider
the SSPP waveguide with as few as 7 grooves to be effectively
periodic, and will use it as the basic building block for our MZI
structures throughout this paper.

Frequency filters as well as switches have been designed with
single-armed DC-SSPP waveguide since it has been demon-
strated to have frequency selective transmission curves. Such
designs, however, only take advantage of the transmission selec-
tivity of the DC-SSPP waveguide, and usually suffer from the
broad peaks of their transmission curves before it can achieve
better frequency resolution and sensitivity. When phase modu-
lation by changing refractive index n is demonstrated as above,
we can combine two arms of DC-SSPP waveguides to form an
MZI. The THz signal from two arms of the MZI, when recom-
bined after they propagate through different dielectric materials
will be either enhanced or reduced in magnitude as a result of
coherent interference. The combined effect of the selectivity of
single-armed DC-SSPP waveguide and that of the interferom-
eter will result in a transmission curve with sharper features as
well as better sensitivity to structural variations caused by ex-
ternal modulations.

III. SIMULATION RESULT

In order to verify our idea, we have simulated the DC-SSPP
MZI structure as depicted in Fig. 4. Various dimensions are la-
beled in the figure, with D denoting the distance between the
two waveguide arms. The first structure we simulate has the di-
mensions of d = 100 um, a/d = 0.1, h/d = 0.8, t/d = 1/3,
W = 300 pym, and D = 250 pum, and each arm consists of
a DC-SSPP waveguide with 7 grooves. With three different di-
electric materials filling up one of the arms and air (ng = 1)
filling up the rest of the structure, the transmission curves of the
MZI are shown in Fig. 5(a). For comparison, the transmission
curves of the single arm DC-SSPP structure of the same dimen-
sions are shown in Fig. 5(b).

It is quite obvious that by introducing MZI structure on top
of the DC-SSPP waveguide, the spectral features on the trans-
mission curves are greatly enhanced. Above the first band-gap,
single-armed waveguide barely shows any suppression of the
transmitted signal beyond 5 dB, while the distinction between
the pass and the stop bands of the MZI structure is quite signif-
icant. The peaks and valleys of the transmission curves of the
single-armed waveguide, and those of the MZI structure with
ng = 1 (i.e., when both arms are filled with air) come from the

3Computer Simulation Technologies Inc., Framingham, MA.
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Fig. 4. Cross section of the DC-SSPP MZI structure with different geometric
dimensions labeled. W is the width of the waveguide along the y-direction. The
lower arm of the MZI structure (shaded in purple) designates the volume with
dielectric loading.
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Fig. 5. Transmission spectrum of (a) the DC-SSPP MZI structure and (b) the
single-armed DC-SSPP structure. Three different refractive indices are selected
for the dielectric loading, and for MZI structure such loading only applies to
one of the arms as depicted in Fig. 4.

Fabry-Perot etalon effect. While the F-P ripples are caused only
by the periodicity of the grooves for the single-armed wave-
guide, for MZI structure they also come from multiple reflec-
tions from the walls that bounds the interferometer.

In Fig. 5(a), there are several frequencies where the MZI
structure demonstrates distinct ON/OFF states when different
dielectric materials are loaded. Some of those frequencies, along
with the magnitude of transmission (T) and the phase difference,
as predicted in Fig. 3, are listed in Table I.

By correlating the transmission with the phase difference, it
is observed that significant suppression of the THz signal tends
to happen when the phase difference between two arms of the
interferometer is close to odd numbers of 7. One may notice that
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TABLE I
TRANSMISSION (IN dB) AND PHASE DIFFERENCE AT SOME FREQUENCIES FOR
THE DC-SSPP MZI STRUCTURE

Frequency 1.084THz 1.152THz | 1.240THz | 1.348THz
T when 77=1 -0.03dB -0.01dB -0.03dB -0.03dB
T when 7=1.05 | -10.25dB 0.00dB -0.78dB -3.79dB
Ad: N1y 0.824n 0.571n 0.4861 0.4537

T when /7=1.15 | -0.10dB -6.20dB -18.18dB | -15.11dB
AQ: N2y 1.873n 14737 1.334n 13197

in Table I, the transmission peaks and valleys do not correspond
perfectly to integers of 7 in phase difference. We attribute this
mismatching partly to the fact that the transverse mode profile
from two arms of the MZI structure is different when different
materials are loaded, therefore their maximum enhancement or
cancellation is shifted from the frequency otherwise predicted.
The more complicated geometry of the interferometer also con-
tributes to the disparity, when mode deflection on the additional
walls and material interfaces cannot be neglected. Nonetheless,
in Fig. 3 if we compare the phase difference between two arms
in the cases of n; = 1.05 and ne = 1.15 (lines with square and
triangle markers respectively), an almost constant difference of
w is observed. This is consistent with the simulation results that
the transmission peaks and valleys in the two cases are almost
always inversed.

In Fig. 6, we have included the F field distributions on the
cross section of the structure at the frequency of f = 1.084 THz.
The constructive/destructive interference between the two arms
in difference cases can be clearly seen. It is noticed that for fre-
quencies close to the SSPP resonance, the E-M field is greatly
localized in the groove region of the structure. It is consistent
with the theoretical analysis we did before, where a strongly
confined energy distribution of the THz wave is predicted near
resonance [15]. This property indicates the possibility of using
less amount of dielectric loading to achieve the same selec-
tivity of the structure, which will be discussed more in detail
in Section IV.

The enhancement to the ON/OFF ratio is beneficial for
switching and sensing applications. In addition, the MZI
DC-SSPP structure can in general produce sharper transmis-
sion peaks, which are desired in high spectral resolution THz
detector designs. To better illustrate this property, we did simu-
lation on a second MZI DC-SSPP structure with dimensions of
d =100 pm, a/d = 0.1, h/d = 0.3,t/d = 1/3, W = 300 pm,
and D = 250 pym. In Fig. 7(a), we show the transmission
spectrum of this structure obtained by HFSS simulations with a
number of different dielectric material loadings. As an example,
with n = 1.05 filling up one of the arms, the ()-factor for the
first peak shown in the figure is estimated to be ~400 and that
for the third peak to be ~1300. Such peaks with high quality
factor can be used as frequency filters when the detection of
narrow spectral features is desired for certain applications.

It is also noticed that in this case, for the first peak a complete
shift from ON to OFF state, with a contrast of 15 dB at f =
1.548 THz, can be induced by a refractive index change of 0.04.
If the third peak is considered, such switching of state with an
extinction ratio exceeding 20 dB can be achieved for a refractive
index change of merely 0.01 (for example, at f = 1.612 THz
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Fig. 6. An example of E field distribution in the DC-SSPP MZI structure at
f = 1.084 THz for three different refractive indices (magnitude of the overall

E field is plotted). The different dielectric loadings and frequencies are labeled
on the upper right corner of each plot.

with n» = 1.05 and n = 1.06). As a comparison, we have in-
cluded the transmission curves for the single-armed waveguide
with same dimensions in Fig. 7(b). Contrastingly, the flatness of
those transmission spectra would prevent it from being useful in
any frequency sensitive detector designs or THz switching com-
ponents alike.

IV. APPLICATION AND DISCUSSION

When compared with the original design of a single-armed
waveguide, the SSPP band-gap structure combined into an inter-
ferometer has resulted in sharper peaks in transmission curves,
as well as higher sensitivity to refractive index changes of its
dielectric loading. Those properties can be potentially applied
to sensor designs. One example is the genetic diagnosis, usu-
ally referred to as the DNA biosensors, where the aim is to rec-
ognize the sequence of unknown polynucleotide by binding it
with single-stranded “probe” DNA molecules with known se-
quences. The detection of the density of binding event is es-
sential, since strong conjugation only happens between comple-
mentary base sequences.

Traditionally, the conformational change from the
single-stranded (“denatured”) DNA to the double-stranded
(“hybridized”) DNA molecules are tracked by tagging the
target DNA with certain fluorescent agent [17]. Despite its
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Fig. 7. Transmission spectrum of: (a) DC-SSPP MZI structure and (b) single-
armed DC-SSPP structure. Five different refractive indices are selected as the
dielectric loading, and for MZI structure such loading only applies to one of the
arms as depicted in Fig. 4.

widespread use, this method suffers from numerous disad-
vantages such as the unwanted interference from the tagging
agent, the fluorophore degradation and the extra preparatory
steps, which are time consuming [18]-[20]. On the contrary, the
hybridization event of DNA is shown to be able to shift the char-
acteristic vibrational resonance (usually in THz frequencies)
of the molecules, therefore inducing a change in its refractive
index [4], [21], [22]. By detecting such refractive index change
using probe THz beams, the intensity of hybridization can be
quantitatively determined.

This idea of tag-free sensing of DNA molecules overcomes
the disadvantages of the fluorescence-based sensing schemes,
and has been shown to be effective. In some heraldic studies by
other researchers, THz time domain spectroscopy (THz-TDS)
is combined with various frequency selective structures in order
to detect the spectral shift induced by the hybridization event.
Those structures include planar and ring resonators made of
thin-film microstrip lines (TFML) and SSPP waveguide with
single-sided saw-tooth-shaped grooves [23]-[26]. In this paper,
we propose to use the DC-SSPP MZI structure to detect directly
the change in refractive index in the sample loading.

In the simulations we showed earlier, we intentionally se-
lected the refractive indices of the dielectric loading to be ng =
1,m7 = 1.05 and no = 1.15. They represent the dielectric prop-
erties of air, denatured DNA and hybridized DNA respectively,
according to previous experimental measurements of these sam-
ples in THz frequency domain [4]. As demonstrated earlier, the
MZI structure produces transmission peaks that are quite dis-
tinguishable between the three dielectric loadings. By choosing
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Fig. 8. Cross section of the DC-SSPP MZI structure with different geometric
dimensions labeled. W is the width of the waveguide along the y-direction.
Localized DNA loading is depicted as purple-shaded area in the sketch. The
dark and light grey coloring of the metal part is merely to show the modular
design of the sensor.
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Fig. 9. The transmission spectrum of the DC-SSPP MZI structure with local-
ized sample loadings. Three different refractive indices are selected as the di-
electric loading, and for MZI structure such loading only applies to one of the
arms.

TABLE II
TRANSMISSION (IN dB) AT SOME FREQUENCIES FOR THE DC-SSPP MZI
STRUCTURE, WITH LOCALIZED LOADING OF DNA SAMPLES NEAR THE
GROOVE REGION

Frequency 1.084THz | 1.152THz | 1.240THz | 1.348THz
T when n=1 -0.35dB -0.19dB -0.24dB -2.30dB
T when n=1.05 | -39.2dB 0.00dB -0.24dB -1.71dB
T whenn=1.15 | -0.21dB -21.36dB | 0.00dB -3.38dB

the right probe frequency, it is very straightforward to identify
the different bio-molecules if they exist in the sample loadings.

The field distributions as shown in Fig. 6 demonstrate strong
localization of the THz signal near the groove region of the
structure, when the frequency is close to resonance. This indi-
cates strong interaction of the dielectric material with the probe
THz signal near the grooves. It is therefore possible to reduce
the amount of sample usage without harming the sensitivity of
the MZI structure, by localizing the DNA molecule loadings to
the groove area. For that purpose we have simulated the MZI
DC-SSPP structure with dimensions of d = 100 um, a/d = 0.1,
h/d =08,t/d =1/3, W = 300 um, and D = 250 pm, this
time with only the grooves plus a thin layer on each wall (with
t'/d = 0.2) loaded with DNA samples (as shown in Fig. 8).
The simulation result is shown in Fig. 9, and the magnitudes of
transmission for the same set of frequencies are summed up in
Table II.
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From both Fig. 9 and Table II, it is observed that when the
frequency is close to resonance (f = 1.084 THz and 1.152
THz for example), the difference in ON/OFF state as induced
by different sample loadings still exists and is consistent with
the cases in Table I. However with frequencies far away from
the resonance, the difference in phase accumulation with dif-
ferent sample loadings will not be significant due to the delo-
calization of the F—M field, resulting in the mostly coinciding
transmission peaks. This way, it is demonstrated that the spec-
tral sensitivity of the MZI DC-SSPP structure to the refractive
index change is not harmed by the localized loading of the di-
electric sample near the groove region, should the probe fre-
quency be close to the SSPP resonance. When compared with
the full loading case, the amount of sample needed in this case
can be reduced by as much as 50%.

In reality, the sensor based on MZI SSPP structure can be con-
structed with two modules as shown by the different shading
of the metal part in Fig. 8. With the localized sample loading
proved to be effective, the DNA preparation and immobiliza-
tion process can be performed separately on the two modules of
the sensor before they can be combined in a flip-chip manner
and ready for test. Similar idea of the modular design has been
implemented by other groups and its effectiveness has been
demonstrated [27]. Such design is the key for disposable sensor
constructions and can greatly reduce the running cost of the
technique.

V. CONCLUSION

In this paper we have studied the MZI structure consisting of
two arms of DC-SSPP waveguide. By combining the spectral re-
sponse of the DC-SSPP structure and the interference effect of
the MZI, the frequency selectivity is greatly enhanced in terms
of both the ON/OFF switching ratio and the quality factor of the
transmission peaks. Both mathematical modeling and elaborate
simulation using HFSS software are shown to agree with each
other reasonably well despite the existence of observable dis-
crepancies near the SSPP resonance.

It is shown that the THz MZI DC-SSPP structure can be de-
ployed in bio-molecular sensing. By using a probe THz beam
with the correct frequency it is possible to distinguish between
denatured DNA and hybridized DNA by detecting the change
of their refractive indices. The strongly localized E-M field dis-
tribution of the structure also enables us to reduce the usage
of bio-molecular samples. By depositing the sample loadings
specifically near the groove region, the same spectral selectivity
remains near the SSPP resonance frequency when compared
with the fully-loaded case.
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