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a b s t r a c t
We discuss the transmission characteristics of a microscale dielectric waveguide device with a deep
groove and an embedded metallodielectric grating illuminated by a continuous wave of TM and TE modes
at low terahertz frequency. To study its performance we solve numerically the corresponding Maxwell
equations by means of ﬁnite difference time domain method with uniaxial perfectly match layer as its
boundary condition. By varying the angle of incident, grating ﬁlling factor and refractive index of analyte
in the deep groove, it is found that the device exhibits a signiﬁcant transmission enhancement for the TM
mode due to the existence of surface plasmon interaction. We also demonstrate its potential application
as a biosensor device.
© 2014 Published by Elsevier GmbH.

1. Introduction
Photonics structure with embedded metallic materials has been
widely used in integrated optical devices due to the existence of
propagating surface plasmon (SP) at the interface between metal
and dielectric materials [1]. Its presence is highly sensitive with
respect to the environment changes. Physically, the existence of
this phenomenon can be explained as a consequence of a collective oscillation of electrons at the metal-dielectric interface due
to transverse magnetic (TM) electromagnetic mode which leads
to a large enhancement of electric ﬁeld around the corresponding interface [1,2]. This enhancement is strongly depends on the
surrounding of the related metallic structure. Obviously, this phenomenon can be applied as a sensing platform [3]. In general, the
application of SP is widely considered in biosensing devices such as
for cell, protein and bacterial detection such as based on long-range
surface plasmon waveguide [4,5] and metallic grating [6].
Indeed, beside its use for biosensing platform, this phenomenon
can also be applied for other puposes. It was recently reported in
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Ref. [7] that SP has been used to assist a Cux O photocatalyst to split
pure water for H2 gas production more rapidly. In the meantime, it
has also been used to detect the presence of H2 itself by replacing a
cladding segment of an optical ﬁber with metallic layer as reported
in Ref. [8] or using photonic crystal ﬁber [9].
A photonic structure, namely, a dielectric slab waveguide structure with embedded metallic grating has also been considered to
be used for such purposes [10–13]. This structure was shown to
have speciﬁc performance due to the combination effect of grating and SP properties that could lead to enhanced transmission
characteristics [13].
Based on the abovementioned facts, in this paper we discuss
the results of our systematic numerical investigation on the
performance of a speciﬁc microscale photonic structure in the
form of a dielectric slab waveguide device with metallodielectric
grating embedded on its top, and a deep groove which is assumed
to be ﬁlled by an analyte. We illuminate the system by continuous
electromagnetic waves of TM and TE modes and choose their
operational frequency in low terahertz order which is related to
the resonance of the most protein vibrational frequencies [14].
Solving the associated Maxwell equations by means of standard
ﬁnite difference time domain (FDTD) method incorporated with
uniaxial perfectly matched layer (UPML) [15] as the corresponding
boundary condition, we investigate numerically the transmission
characteristics of the corresponding modes with respect to the
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Fig. 1. Sketch of the corresponding microscale dielectric slab waveguide with metallodielectric grating and a deep groove in the middle. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

variation of angle of incident, grating ﬁlling factor and refractive
index of analyte in the deep groove. It is found that the transmission of the electric ﬁeld is signiﬁcantly affected by the variation
of those parameters, speciﬁcally for the TM cases. The device
shows sensitive response with respect to the variation of analyte
refractive index, so that it can be potentially functioned as an
optical sensor. For comparison, we also consider the case of fully
dielectric grating structure.
This paper is organized as follows. Discussion on the device
structure and the related numerical formulation is given in section
two, followed by a discussion about the result of the conducted
numerical calculation in Section 3. This paper is summarized in
Section 4.
2. Device structure and numerical method
As illustrated in Fig. 1, the considered device consists of a GaAs
substrate with refractive index of n = 3.61, thickness of h = 30 m
and length of L = 300 m, two ﬁnite SiO2 slab waveguides with
n = 1.45, h = 39 m and L = 2 × 145 m as well as a metallodielectric
grating embedded on top of the slab waveguide with ﬁx periodicity of  = 31 m, h = 21 m, and the metal permittivity is given by
drude model [16]:
ε() = 1 −

1.52 × 1030

v(v − 1.6 × 1013 i)

(1)

where v is the operational frequency in Hz. The width of metallic
section is denoted by w which is a parameter to be varied, whereas
the dielectric section of width  − w is ﬁlled by MgF2 with n = 1.38.
The two slab waveguides are separated by a deep groove with the
same  − w width but h = 51 m depth. The device is illuminated
by an oblique continuous wave with angle of incident from normal
to perpendicular is denoted by . The grating ﬁlling factor is deﬁned
as:
w
f =1−
(2)

Here, to investigate the signiﬁcant effect of SP, we set f to be relatively far less than one.
 H)
 ﬁeld
Here, we consider the TM (TE) wave case where E(
 E)
 ﬁeld lies in the z axis. The
lies in the x–y plane, and the H(
associated Maxwell equations are solved numerically by means
of the FDTD method incorporated with UPML boundary condition
which is represented by an artiﬁcial anisotropic absorbing material layer. Compare to the other types of PML boundary conditions,
this boundary condition shows a better efﬁciency when handling
the oblique constinuous waves. Detailed formulation of the corresponding FDTD and UPML can be found in Ref. [15].
The dynamical characteristics of electromagnetic wave propagation inside such a complex photonics system strongly depend on
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its material as well as the related structure. In most cases, these
material and structural properties interact each other to perform
an emergent behavior which is difﬁcult to predict (semi-) analytically. Therefore, an ab initio investigation based on full numerical
calculation is needed to explore the possible allowed phenomenon.
The used of FDTD with UPML boundary condition is aimed to conduct this. For the corresponding numerical calculation, we consider
the number of mesh to be 492 × 226 with size x = y = 1 m,
and the time increment is chosen to be t = 1.67 fs. The initial and
ﬁnal observation time after the steady condition reached are set to
ti = 4.5 ps and tf = 5.0 ps, respectively.
To characterize the transmission performance of the device, we
consider the transmission enhancement factor at speciﬁc angle of
incident  deﬁned as follows:

tf
 =

⎛
⎝

ti

tf



ti

⎛
⎝

h

⎞
 
2
E x = L, y, t;   dy⎠ dt

0



h

⎞
 
2
E0 x = L, y, t;  = 0  dy⎠ dt

(3)

0

here, the parameters L and h denote the device total length and SiO2

slab waveguide
thickness,
respectively. The functions E(L,
y, t; )


and E 0 L, y, t;  = 0 are the transmitted electric ﬁelds at oblique
and normal incident, respectively, while the parameters ti and tf
denote the aformentioned initial and ﬁnal observation times.
3. Transmission characteristics
We ﬁrst investigate the characteristics of parameter given by
Eq. (3) with respect to the variation of angle of incident in the range
of 0 ≤  ≤ 90◦ . This parameter describes the ratio between the ﬁeld
intensity at x = L for various angle of incident with respect to that of
normal incident. We choose the operational frequency at v = 5 THz,
while the grating ﬁlling factor is set to be of f = 0.032 which is equal
to the slit of 1 m and the deep groove is ﬁlled by MgF2 . The numerical calculation results of these parameters for the cases of TE and
TM modes are given in Fig. 2 a. It is remarkable that an almost similar trend but with relatively large difference in its value is found for
both modes where TM > TE . Clearly, the enhancement is getting
larger for increasing angle of incident. The highest TM is observed
at  = 85◦ while  = 90◦ is for TE . The difference of
parameter
 = TM − TE is shown in Fig. 2b. To compare the performance
characteristics of the considered device, we also conduct investigation for the case in which the corresponding metal in the grating
is replaced by SiO2 material, and the result is given in Fig. 3. As
expected, although still share similar trend with the metallic case,
but less enhancement factor is found for this case as well as less
difference between the TM and TE cases.
To further characterize the device performance at  = 85◦ , we
calculate for various operational frequency v, namely, in the range
of v = 1– 10 THz, and the results are given in Fig. 4. It is found that
exhibits high values at v = 4 and 8 THz, while in all range the average
difference between TM and TE is still relatively large.
We suspect that the origin of this large difference between TE
and TM cases is actually due to the effect of SP of TM mode. To prove
this, we calculate the
variation as a function of grating ﬁlling
factor (f) at ﬁx  = 85◦ . Given in Fig. 5 is the corresponding characteristics for v = 5 and 8 THz. It is shown that tends to increase
exponentially when f decreases, so that the distance between the
two adjacent metal-dielectric interfaces in the associated grating
is getting shorter. Depicted in Fig. 6 is the TM mode electric ﬁeld
intensity distribution for  = 85◦ and f = 0.032. Without loss of generality we only draw for the case of v = 5 THz. It is demonstrated
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Fig. 5. Variation of ( = 85◦ ) with respect to the variation of ﬁlling factor (f) for TM
mode at v = 5 THz (black-circle) and 8 THz (black-diamond).

Fig. 2. (a) () of TM (black-square) and TE (red-circle) for f = 0.032 (b) difference
between TM () and TE (). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 6. Field distribution of TM mode at  = 85◦ and its zoom (below picture) showing
the existence of SP. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

Fig. 3. () of TM (black-square) and TE (red-circle) at f = 0.032 for the case of fully
dielectric grating where the metal is replaced by SiO2 . (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

Fig. 4. Spectral characteristic at low THz frequency of ( = 85◦ ) for TM (blacksquare) and TE (red-circle) modes. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)

for this case that the ﬁeld around the associated metal–dielectric
interfaces is enhanced signiﬁcantly indicating the existence of the
SP interaction, while it is not the case for the TE mode. Clearly,
the related distance seems adequate to enhance the interaction
between the two adjacent SPs. This result obviously supports our
hypothesis regarding the role of SP in the metallodielectric grating
case.
To complete our investigation, we also calculate the device characteristics by varying the refractive index of analyte that ﬁlls the
deep groove as shown in Fig. 1 for v = 5 and 8 THz cases. This characteristic is of important if one consider the related device to be used
as a sensor. The result is shown in Fig. 7. In this calculation. the
expression given by Eq. (3) is considered as the ratio between electric ﬁeld intensity at  = 85◦ and  = 0◦ with f = 0.032 for the same
refractive index of analyte. As expected, we found a linear response
of with respect to the variation of refractive index 1.3 ≤ n ≤ 1.4.

Fig. 7. Response characteristic of ( = 85◦ ) with respect to analyte refractive index
(n) variation at v = 5 THz (black-circle) and 8 THz (black-diamond).
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It is found that the sensitivity for cases of v = 5 THz and v = 8 THz
exhibit a similar characteristic, although the value of of the later
case is relatively far larger than the former one as shown in Fig. 4.
It is important to emphasize that this sensitivity characteristic may
not generally valid for all frequencies considered and in order to
improve it one should consult to a more rigorous semi-analytic
method such as couple mode theory [17].
All the results indicate that at low terahertz regime this device
can potentially be used as a (bio) sensing platform, such as for
detecting the presence of speciﬁc biological polymers such as protein etc. Nevertheless, it should be admitted that the sensitivity
level found in this study is relatively low.
4. Summary
We have discussed the transmission characteristics of a
microscale dielectric slab waveguide device with a deep groove
and an embedded metallodielctric grating. It is found that the corresponding device shows a relatively large enhancement factor at
near perpendicular incident of continuous electromagnetic wave of
TM mode. This phenomenon can be explained as the consequence
of the existence of surface plasmon interaction of two adjacent
metal-dielectric interfaces. This enhancement can be increased further by reducing the corresponding grating ﬁlling factor. Compare
to the device with fully dielectric grating, this device shows a better
performance. As the chosen operational frequency is at low terahertz frequency, and the device exhibits a linear response with
respect to the varying analyte refractive index; therefore, it can be
considered as (bio) sensing platform.
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[17] J. ČtyrokÝ, F. Abdelmalek, W. Ecke, K. Usbeck, Modelling of the surface plasmon
resonance waveguide sensor with Bragg grating, Opt. Quantum Electron. 31
(1999) 927–941.

