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Abstract: In this paper, a Bragg reflector is proposed by placing periodic metallic gratings in the
center of a metal-insulator-metal (MIM) waveguide. According to the effective refractive index
modulation caused by different waveguide widths in a period, a reflection channel with a large
bandwidth is firstly achieved. Besides, the Mach-Zehnder interference (MZI) effect arises by shifting
the gratings away from the waveguide center. Owing to different optical paths with unequal indices
on both sides of the grating, a narrow MZI band gap will be obtained. It is interesting to find out that
the Bragg reflector and Mach-Zehnder interferometer are immune to each other, and their
wavelengths can be manipulated by the period and the grating length, respectively. Additionally, we
can obtain three MZI channels and one Bragg reflection channel by integrating three different
gratings into a large period. The performances are investigated by finite-difference time-domain
(FDTD) simulations. In the index range of 1.33 — 1.36, the maximum sensitivity for the structure is
as high as 1500nm/RIU, and it is believed that this proposed structure can find widely applications
in the chip-scale optical communication and sensing areas.

Keywords: Bragg reflector; metal-insulator-metal; Mach-Zehnder interference; effective refractive index
modulation

Citation: Liang ZENG, Jiaqi LI, Chengyi CAO, Xudong LI, Xinyuan ZENG, Quanhao YU, ef al., “An Integrated-Plasmonic Chip of
Bragg Reflection and Mach-Zehnder Interference Based on Metal-Insulator-Metal Waveguide,” Photonic Sensors, 2022, 12(3):
220303.

. integration of photonic circuits and electronic
1. Introduction o .
circuits. As one of the most popular plasmonic

Surface plasmon polaritons (SPPs) are collective structures  that manipulate light at the
oscillations generated by the interaction between the sub-wavelength scale, the metal-insulator-metal
electromagnetic waves and the free electrons on the (MIM) waveguide has been widely concerned for its
metal surface [1]. Since SPPs can break through advantages of the long transmission distance, precise

optical diffraction limit, they bring the possibility of ~ light field control, and easy fabrication [2-11].
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Consequently, more and more nano-scale optical
devices based on MIM waveguides have been
proposed and investigated, such as the optical
demultiplexer, power splitter, wavelength filter,
optical switch [12-27]. It is no doubt that one would
like to integrate those important functional devices
into a chip for realizing photonic circuits and
electronic circuits. For instance, fiber Bragg gratings
(FBGs) and Mach-Zehnder interferometers (MZIs)
are widely used in the optical fiber communication
and sensing systems [28—33]. Therefore, it would be
interesting to produce their performances in the
chip-scale circuits rather than in the traditional fiber
waveguides [34, 35].

In this paper, an MIM waveguide with periodic
metallic gratings (PMGs) that are used to modulate
the refractive index (RI) is proposed. When the
PMGs are laid in the center of the waveguide,
broadband Bragg reflection is achieved owing to the
addition, MZI
performance is also obtained when the PMGs are

periodic RI modulation. In
moved away from the center, for the reason that two
asymmetrical waveguide widths lead to slightly
index differences of two optical paths. By cascading
different MZI arms, up to three interference band
gaps and one Bragg reflection channel are achieved
in the proposed structure. The parameters of the
fully
investigate the performances by using the finite-
difference time-domain (FDTD) method.

proposed structure are considered to

2. Performance analysis

Figure 1(a), which shows the three-dimensional
schematic diagram of the plasmonic MIM device,
provides an intuitive understanding of the whole
affect the
performance, the metallic structure is deposited on a

structure.  Since oxidation  will
thin silica layer to avoid the oxidation. The
two-dimensional structure is shown in Fig. 1(b), and
it is employed in the FDTD simulation for saving
running time and hardware resources. The width of

the bus MIM waveguide is defined as W. The length,
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thickness, and period of the PMG are L,, d, and P,
respectively. The distances from the metallic grating
to the upper and lower edges of the MIM waveguide
are L, and L, respectively. It means that we can
obtain the equivalent widths for the two optical
paths on both sides of the grating. According to the
dispersion characteristics of the TM mode in the
MIM waveguide [36], the relationship between the
effective RI of n. and other parameters, such as the
dielectric constants of materials and the waveguide
width, can be expressed as

ek, +&,ktanh (#] =0 (1)
ki,m = gi,mk: _ﬁz (2)
B
e = )
ff ko
where ¢, and k,, are the dielectric constants and

the transverse propagation constants of the insulator
and £k,

propagation constants of the waveguide and vacuum,

and metal, respectively, /[ are the
respectively, and w is the width of the waveguide. It
should be noted here that the phase modulation is
determined by the corresponding real part Re(n; ).
The propagation loss, which may affect the
transmittance and the full width at half maximum
(FWHM), is mainly determined by the image part of
the effective index, and it can also be obtained by (1)
— (3). However, in this proposed structure, we
mainly focus on the wavelengths of the MZI and
Bragg reflection effects determined by Re(n,;), so
the transmission loss is not currently considered in
the following theoretical analysis model, but will be
covered in all the FDTD simulations. In the
following, we firstly assume the metal and insulator
as silver and air, respectively. The relative
permittivity of silver is characterized by the Drude
model: &, =¢ - /(& +iwy) with & =37,

®,=9.1eV , and y=0.018¢V [37, 38]. In this
case, the values of Re(n,) can be calculated

according to (1) — (3), as shown in Fig.2(a) if we
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define the waveguide width as w= 50 nm, 60 nm,

Input
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70nm, and 150 nm, respectively.
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Fig. 1 Schematic diagram of the plasmonic MIM structure: (a) three-dimensional view and (b) corresponding two-dimensional
view.
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Fig. 2 Relationship between Re(n,) and the wavelength or the waveguide: (a) Re(n,) with respect to the wavelength by

defining the waveguide width as W = 50nm, 60nm, 70nm, and 150 nm, respectively and (b) variation of Re(n,) along with the

MIM waveguide.

Obviously, Re(n,) will increase as the
waveguide width decreases, and it will also decrease
with an increase in the wavelength. In the following

FDTD simulation, the width of the bus MIM

waveguide is fixed as W = 150nm through the paper.

The grating thickness is defined as d = 30 nm, the
distances are L, = L, = (W-d)/2 = 60nm, the length
is L,= 240nm, and the grating period is P = 645nm.
It means that the length of the empty section in a
period is P — L, = 645 —240 = 405nm. Because the
grating is symmetrically laid in the center of the
MIM waveguide, there is no index difference and
additional phase delays for the two optical paths on
both sides of the grating, which means that no
interference occurs and they can be equivalent to
one path with a width of 60 nm. In this case, the
index modulation for the whole structure is shown in
Fig. 2(b), which illustrates the periodic variation of
index along with the waveguide. According to the
results in Fig.2(a), the values of n; and np within a

grating period are about 1.287 and 1.134 at the
wavelength of 1550 nm, respectively. In particular,
the widths used for calculating 7, and n., are W =
150nm and L, = L;= 60nm, respectively, as shown
in Fig. 1(b). The effective index is only determined
by the width of the waveguide and will not be
affected by the length. It should be mentioned that
the
magnetron sputtering technology have been applied
to fabricate such kind of the MIM waveguide, and
the processing capacity is up to 10 nm and 3.3 nm

oxygen plasma etching technology and

[39, 40], respectively. Although there is no problem
for the reproducibility of the proposed system based
on the current technologies, one should also
concentrate on the processing accuracy which will
affect the performance of the device.

According to the Bragg condition, we can derive

the central wavelength A, of the forbidden band as

A, =2n,P @)
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ny=(n,_ +ny)/2 (5)

where n, is the equivalent refractive index of the
grating, and the denominator “2” is a fitting number.
The 2-dimentional (2D) FDTD method is employed
to investigate the transmission responses of this
proposed structure. It is no doubt that the simulation
accuracy of the 3-dimentional (3D) model is more
accurate than that of the 2D model. But for the
integrated optical components, 2D simulations have
been widely used even with a little penalty of
accuracy [6-8, 12-14, 17, 18, 20, 21], but the

hardware resources and running time can be reduced.

The perfectly matched layers have been used as the
boundary conditions during the FDTD simulations.
By setting the total periods as 15, the reflection and
transmission spectra based on the FDTD simulation
are shown in Fig. 3 with a red-dash line and a
black-solid line, respectively. In the spectrum, there
is a broadband reflection peak at the wavelength of
1550nm, which agrees well with the analysis result
in (4) with n;,=1.2106 . The FWHM is about
170 nm and the maximum reflection is about 0.86,
which provide the possibility of broadband filtering
in the optical communication area. Figures 4(a) and
4(b) are the magnetic field distributions of the
structure at the high-transmission wavelength of
1440 nm and at the gap wavelength of 1550 nm,
respectively. They can further investigate the SPP
propagation details inside the MIM waveguide.
Specifically, strong field energy is distributed within
the whole waveguide in Fig. 4(a), while the field
becomes weaker and weaker along with the
waveguide owing to the Bragg reflection.
Moreover, other parameters that will
significantly affect the grating performances are
analyzed in Fig.5, including the period P, the length
L, and the thickness d. When one of the parameters
is changed, the others remain unchanged and are the
same as that in Fig.2. Firstly, we define P = 400nm,
500 nm, and 600 nm in Fig. 5(a) to illustrate the
transmission spectra. Based on (4), it is known that
the peak wavelength has a linear relationship with
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Fig.3 Reflection spectrum (red-dash line) and transmission
spectrum (black-solid line) with P = 645 nm.

P, and it is also an important factor determining the

Bragg wavelength. Consequently, the peak
wavelengths of 994nm, 1220nm, and 1450nm in
Fig.5(a) have a variation ratio that is in accordance
with the ratio of P. One can flexibly design the
period of the structure for obtaining the expected
wavelength. In Fig.5(b), the length of the grating in
a period is defined as L, = 200nm, 240 nm, and
280 nm, In this
interesting to find out that the transmission spectrum
has only a little red shift, i.e., 1212nm, 1220 nm,

and 1 236 nm, respectively. This characteristic

respectively. situation, it is

provides the possibility of integrating MZI
performance by changing L, while keeping the
Bragg reflection band. Finally, the thickness d of the
metallic grating is defined as 30 nm, 40 nm, and
50 nm, i.e., L, = L, = 60nm, 55nm, and 50nm,
respectively. An increase in d means that the widths
of waveguides on both sides of the grating will
decrease, leading to an increase in 7, based on (4).
According to the grating theory, the modulation
depth An=n, —n, is enhanced because n, is
uniform in these cases. Therefore, the FWHM
becomes larger and the transmission s
lower, leading to a flat bottom of the band in
Fig.5(c).

Furthermore, we are going to analyze the
situation that the metallic grating is shifted 10 nm
away from the center of the MIM waveguide. It
means that L, = 50nm and L; = 70nm result in

different indices of n, and n, , as well as
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different phase delays for the optical paths on both
sides of the grating. According to the MZI theory
and the proposed structure, the criterion of the MZI
condition can be expressed as
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27(n, —n, )L
—”(”L"/I"“) "= @m+1)r (6)

where A represents the wavelength of the mth
valley, and m is an integer.
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Fig. 4 Magnetic field distributions of the grating at (a) 1440 nm and (b) 1550 nm.
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Fig. 5 Transmission spectra: (a) different grating periods of 400 nm, 500 nm, and 600 nm, respectively, (b) different lengths of metal
gratings of 200 nm, 240 nm, and 280 nm, respectively, and (c) different widths of metal gratings of 30 nm, 40 nm, and 50 nm,

respectively.

As a result, the MZI effect will occur at the end
of each metallic grating, where is also the wider part
of a period. Here, it should be pointed out that the
Bragg reflection still works in this case, although
n, of the waveguides on both sides of the grating
are a little different. After setting L, = 200nm and

P = 500nm firstly, the FDTD simulation result is
shown in Fig.6(a) with a black-solid line. It can be
seen that in addition to the Bragg reflection band at
1214 nm with FWHM = 76 nm, there is another
narrow forbidden band emerging at 815 nm with
FWHM = 2nm because of the MZI effect.
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Fig. 6 Transmission spectra and MZI wavelength under different conditions: (a) transmission spectra by setting L, = 50nm, L, =
70nm and L, = 200nm, 240nm, and 280nm, respectively and (b) MZI wavelength with respect to the variation of L,.

Aside from the index modulation, the lengths of
both arms in the MZ interferometer will also affect
the wavelength. Consequently, the length of L, is
changed to be 240 nm and 280 nm in Fig. 6(a), and
the spectra are plotted with a blue-triangle line, and
a red-circle line, respectively. It is interesting to see
that the Bragg reflection bands still remain at
~1 214 nm with similar performances. The results
further confirm that the shift of the metallic grating
will not remove the Bragg reflection effect and its
length has only a little influence on the spectrum.
However, the MZI response will be greatly affected
by the grating length, as the central wavelengths are
changed to be 921 nm and 1026 nm after increasing
L, from 240 nm to 280 nm. More details can be
figured out in Fig. 6(b) by setting L, from 200 nm
to 300 nm with a step of 10 nm. The MZI
wavelengths are increased from 815nm to 1077 nm
with a uniform step of ~26 nm. Therefore, it can be
concluded that the MZI wavelength is changed
linearly with L, in this proposed structure.
However, L, should not be excessively enlarged to
avoid affecting the performance in this structure,
since the channels attributed by the Bragg reflection
and interference will be overlapped.

In addition, the field distributions at the
wavelengths of the MZI and Bragg reflection are
shown in Figs.7 (a) and 7(b), respectively. Firstly,
the field distribution at 921 nm, corresponding to the

MZI dip in Fig. 6(a) with L, = 240 nm, obviously
shows that the fields on both sides of the grating are
with antiphase. It means that destructive interference
will occur at the end of the grating after shifting the
grating away from the center. Similar performance
has also been investigated in the symmetry-broken
metamaterial absorbers [41]. However, the field
distribution at 1 224 nm caused by the Bragg
reflection shows that the SPP phases on both sides
of the grating are identical in Fig. 7(b). SPPs are
gradually reflected back to the input port, resulting
in a low transmission at the output port.
Consequently, the details of the field distributions at
the dips caused by the MZI and Bragg reflection are
different.
Furthermore, we cascade three small and
uniform grating periods into a large period with a
length of P; to obtain more MZI channels, as shown
in Fig.8(a). L,,, L,,and L, are 200nm, 240nm,

and 280 nm, respectively, while P is 500 nm. The

al »

FDTD simulated spectrum in Fig. 8(b) investigates
that three MZI channels are achieved and their
central wavelengths are almost the same as those in
Fig. 6(a),
reflection band named B locates at 1224 nm. Three
MZI channels named M1, M2, and M3 are achieved
at 815 nm, 923 nm, and 1 030 nm, respectively.

respectively. Moreover, the Bragg

Consequently, one can enhance the integration by
cascading different gratings with specific lengths of
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L, . The wavelengths of the Bragg reflector and the
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MZI channels can be adjusted by Pand L, respectively.
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Fig. 7 Field distributions corresponding to Fig. 6(a) with L,= 240nm and P = 500 nm: (a) MZI dip of 921 nm and (b) Bragg
reflection dip of 1224 nm.
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Fig. 8 Schematic diagram and corresponding spectrum:
(a) schematic diagram of three gratings integrated in a large
period and (b) transmission spectrum.

For further investigating the sensing performance
of the integrated structure, we change the insulator
of air to be the one with the index range from 1.33 —
1.36. Certainly, the Q factor, sensitivity S, detection
limit (DL), and the figure of merit (FOM) are the
significant factors of sensors to evaluate the
performances, and they are defined as [7, 42, 43]

A

Q - r

FWHM @

transmission spectra based on FDTD simulations are
shown in Fig.9. Obviously, there are redshifts for all
the dips by increasing the index, and four channels
of M1, M2, M3, and B are obtained at the
wavelength range of 1000 nm — 1800 nm. All the
performances, including Q, S, DL, and FOM, are
shown in Table 1. Obviously, the sensitivity of the
dip at the short wavelength is lower than that of the
dip at the long wavelength. However, the Q factor
and DL almost show the opposite trend. The optimal
values of Q, S, and DL are 110, 1500nm/RIU, and
0.0125, respectively. Especially for the sensitivity, it
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Fig.9 Transmission spectra with RI of 1.33, 1.34, 1.35, and
1.36, respectively.

Table 1 4, O, S, DL, and FOM of the dips by defining
n=1.33, 1.34, 1.35, and 1.36, respectively.

efractive index
Channels 1.33 1.34 1.35 1.36
A (nm) 1074 | 1082 | 1090 | 1098
0 107 108 109 110
Ml S (nm/RIU) 800
DL 0.0125
FOM 80.0
A (nm) 1217 | 1227 | 1236 | 1244
0 68 68 69 69
M2 S (nm/RIU) 900
DL 0.0178
FOM 56.2
A (nm) 1361 1371 1382 | 1391
0 76 76 73 73
M3 S (nm/RIU) 1000
DL 0.0180
FOM 55.6
A(nm) 1620 | 1636 | 1649 | 1665
0 10 10 10 10
B S (nm/RIU) 1500
DL 0.1087
FOM 9.2

is higher than the recently reported results, i.e.,
1477 nm/RIU in [7], 1295 nm/RIU in [44], and
1120nm/RIU in [45]. The values of the FOM for
channels M1, M2, M3, and B are 80.0, 56.2, 55.6,
and 9.2, respectively. Obviously, the FOMs of the
MZI channels are much larger than that of the Bragg
reflection channel. But it should be noted that the
highest sensitivity of 1500nm/RIU is obtained from

Photonic Sensors

the Bragg reflector spectrum which has a larger
FWHM but the low FOM and Q factor. Thus, it may
be not suitable for index sensing but is suitable for
broadband filtering. However, the MZI channels
possessing higher FOMs and @ factors could be
employed in the sensing area even the sensitivities
are a little lower. Consequently, we believe that the
proposed structure can be applied in the index
sensing area, and the symmetrical line shapes for all
channels are also suitable for the optical filter.

3. Conclusions

In summary, an integrated-plasmonic chip of the
Bragg grating and MZI has been proposed and
investigated by using MIM waveguides. When the
metallic gratings are placed in the center of an MIM
waveguide, the Bragg reflection with a large
bandwidth is achieved at 1 550 nm by setting the
metallic grating length and period as 240 nm and
645nm, respectively. Besides, the MZI effect is also
obtained by shifting the grating 10 nm away from
the center of the waveguide, since the asymmetrical
waveguide led to different indices and phase delays.
The wavelengths of the Bragg reflector and the MZI
could be manipulated by the period and the grating
three MZI

channels and one Bragg reflection channel have

length, respectively. Furthermore,

been achieved after cascading three different
gratings in a large period. In the index range of 1.33
— 1.36, the sensitivities for all the dips have also
been calculated as 800 nm/RIU, 900 nm/RIU,
1 000 nm/RIU, and 1 500 nm/RIU, respectively.
Consequently, this proposed structure could serve as
highly integrated optical devices, such as chip-scale
sensors, filters, and modulators.
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