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A new type and easy-to-fabricate metal-insulator—metal (MIM) waveguide reflector based on Sagnac loop is designed
and investigated. The transfer matrix theoretical model for the transmission of electric fields in the reflector is established,
and the properties of the reflector are studied and analyzed. The simulation results indicate that the reflectivity strongly
depends on the coupling splitting ratio determined by the coupling length. Accordingly, different reflectivities can be
realized by varying the coupling length. For an optimum coupling length of 750 nm, the 3-dB reflection bandwidth of the
MIM waveguide reflector is as wide as 1.5 um at a wavelength of 1550 nm, and the peak reflectivity and isolation are 78%

and 23 dB, respectively.
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1. Introduction

Surface plasmon polaritons (SPPs) are essentially os-
cillation modes of free electrons coupled with the electro-
magnetic field at the interface between metallic and dielec-
tric materials.!!! Because they can confine the optical field to
the micro-nanometer scale and breakthrough the diffraction
limit, SPPs have immense potential to constitute a new gen-

[2-6] 1 order to effec-

eration of all-optical integrated circuits.
tively propagate and control SPPs, various SPP waveguides
have been studied and designed, including dielectric-loaded
waveguides, V-groove waveguides, nanowire waveguides, and
metal—insulator-metal (MIM) waveguide.!”®! Among them,
the MIM waveguide can limit the light field at the nanometer
scale, which has drawn the attention of researchers. There-
fore, devices based on MIM waveguide structures have been
proposed, such as couplers, beam splitters, wavelength multi-

[9-12

plexers, filters, and reflectors. 1 Wherein the reflectors are

crucial components in applications such as redirecting SPPs
and SPP laser resonators. Therefore, how to obtain reflectors
with high-performance and simple structure has become the
focus of research.

Currently, different types of SPP reflectors have been de-

[13-15

veloped, including those with a Bragg structure, I T-shape

[16-18] and microcavity structure.!'”! For Bragg struc-

structure,
ture, the reflection can be realized by periodic change of the
cladding layer material, the insulator width or material. For
example, Ming et al. proposed a metal-embedded MIM struc-
ture plasmonic Bragg reflector with the transmittance of 86%

[13

and filter range from 1.1 pum to 1.3 pm.!"3! For T-shape struc-

DOI: 10.1088/1674-1056/ab38a3

ture, the filters consist of waveguide with a single stub or se-
rial stubs structure. For instance, Liu et al. studied the plas-
monic reflectors based on serial stub structure with the devel-

(161 For the microcavity struc-

oped transmission line model.
ture, Wang et al. studied the flat-top reflection characteristics
based on a metal-dielectric-metal (MDM) plasmonic waveg-
uide side coupled with cascaded double cavities.!'”] All types
of structural filters mentioned above are fabricated the mi-
crostructure in or near MIM waveguides. Although those fil-
ters have achieved a variety of excellent filtering characteris-
tics, how to fabricate and apply them is still a challenge.

In this study, a new type and easy-to-fabricate MIM
waveguide SPP reflector based on Sagnac loop is designed and
investigated. The transfer matrix model, used for describing
the relationship between the input and output optical fields of
each port in the SPP reflector, is established for the first time to
our knowledge. The reflection and transmission properties of
the reflector are studied and analyzed by combining the trans-
fer matrix model with finite element method (FEM) simula-
tion. Finally, based on the theoretical and simulation results,
an optimal SPP reflector is designed to achieve high reflectiv-
ity, high isolation, and a large bandwidth simultaneously. This
can provide some reference for the research and development
of SPP devices.

2. Theoretical model

Figure 1 shows the structure of the MIM waveguide SPP
reflector. The metal used is silver and the intermediate insula-
tor layer is poly (methyl methacrylate) (PMMA). The relative
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permittivities of the silver and PMMA are &; and eppmma =
2.25, respectively. The width of waveguide is W. The SPPs
are coupled to the reflector from port 1 as Eiln. Then SPPs
enter the coupling region through position 3 after propagat-
ing for a distance of 0.8 pm. In the coupling region, ¢ is the
separation between the two waveguides and L is the length of
the coupling region. The SPPs are split into two beams after
passing through the coupling region and they are output from
positions 5 and 6. Then, the two beams propagate along a loop
with length / and return to the coupling region from positions
6 and 5. Finally, the two beams interfere with each other in the
coupling region and are output from port 1 as E!

reflect
2 as E2,,,. According to the principle of the transfer matrix

and port

theory,!?%! the theoretical model for the transmission of elec-
tric fields in the MIM waveguide reflector can be expressed as
follows:

E: E!
|:E1trans ] :Joc-ltrans-loc |: Om:| 3 (1)

reflect

where E! and E!

eficet ar€ TESpectively the input and reflected

electric fields from port 1 and E2,, is the output electric field
from port 2. The transmission matrix of the coupling region

can be represented as
_ ——[V1-K iVK
Joc— 1_y0C|: i\/]? m )

where i is the imaginary unit, Y, is the coupling loss, and K
is the splitting ratio. In general, the phase difference between
the two output beams from each arm after passing through the
coupling region is /2. Jyans = [(1) (1)] exp[if!] is the trans-
mission matrix of the loop and B = negky is the propagation
constant of the SPP mode in the MIM waveguide, ncg is the
effective refractive index, ko = 27/ is the vacuum propaga-
tion constant, and A is the wavelength. Based on formula (1),

the reflectivity R of port 1 and transmissivity 7' of port 2 are

1 2 22
R= ‘ Ereﬂect T = ’ Etrans (2)
1 ) 1
Ein Ein

The effective refractive index of the SPP mode in the MIM
waveguide can be calculated from the dispersion relationship

1 epmmaka
tanh | =dk; | = ——F— 3
an (2 1) ek 3)

where k; and kp are the longitudinal propagation constants
in the dielectric and metal, respectively, k; = y/n%k3 — €3
(i=1,2), and d is the thickness of the PMMA layer. The
dielectric constant &y of silver is obtained using the Drude
model:""! &, (0) = €. — 7 /(0* +i0Y), where €&, = 3.7 is
the interband transition contribution, @ is angular frequency,
wp, = 1.38 x 10'® Hz is the plasmon oscillation frequency
of free electrons of the metal, and y = 2.7 x 10'® Hz is the

damped oscillation frequency. Formulas (1)—(3) are the trans-
fer matrix model for the propagation of electric fields in the
MIM waveguide reflector. Based on this model, the study and
analysis of the reflection and transmission properties of a de-
vice can be realized via simulation calculation.

port 1

port 2

Fig. 1. Structure of the MIM waveguide SPP reflector.

3. Results and discussion

It can be seen from the above theory that the reflectivity
of our device is related to the coupling splitting ratio K and the
loss 7o of the coupling region. However, the analytical solu-
tion for K and 7, is more complicated. Therefore, numerical
simulation and analysis combined with finite element method
(FEM) are applied to investigate the properties of the coupling
region. [>!]

When the SPPs are incident from port 1, the variation in
the transmissivity of positions 5 and 6 with the coupling length
L for different wavelengths of 1 um, 1.55 pm, and 2 pum is
shown in Fig. 2(a), assuming = 20 nm and W = 50 nm. As
shown in the figure, transmission characteristics exhibit the
same trend for different wavelengths. The transmissivity of
position 5 tends to decrease initially and then increase period-
ically as L increases. However, the opposite trend is observed
for position 6. Taking the wavelength of 1.5 um as an exam-
ple, initially L is 100 nm, which is relatively short, hence most
of the power from the SPP input from port 1 is directly output
via position 5, and the transmissivity is as high as 88%. Only a
small amount of power is coupled to the other branch and out-
put from port 4, and the transmissivity in this case is 4%. The
distribution of the absolute value of the electric field (| E|) in
the waveguide coupler is shown in Fig. 2(b). As is shown, the
SPPs are mostly output from position 5. When L = 750 nm,
the transmissivities of positions 5 and 6 are equal, and the
corresponding electric field distribution is shown in Fig. 2(c),
which indicates that a 50:50 splitting ratio is realized at this
coupling length. For L = 1.5 pum, the electric field distribu-
tion is shown in Fig. 2(d), and the transmissivity of position 6
reaches a maximum of 84%, while that of position 5 is 0.5%.
However, the minimum transmissivity of position 5 does not
occur at L = 1.5 um, but at L = 1.6 wm, which is ~ 0.1%.
The different L values corresponding to the extreme values
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of transmissivity for each port are attributed to the additional
phase introduced by the imaginary part of the dielectric con-
stant of the metal.[>!) Owing to the transmission loss of SPPs,
the transmissivity of the two ports is gradually reduced as the
length of the coupling region increases. In order to reduce
the loss, the required splitting ratio K is generally selected in
the first period. The coupling splitting ratio can be calculated
based on the results shown in Fig. 2. In addition, Y, can be
deduced from the relationship between amplitude reduction
and length increase. Although the transmission characteris-
tics exhibit the same trend, the coupling strengths for differ-
ent wavelengths are different, resulting in transmissivities of
position 5 and position 6 at the same coupling length. For in-
stance, the 50:50 splitting ratio is realized at the short coupling
length of 400 nm for the wavelengths of 1 pm, however, for the
wavelengths of 2 um, the coupling length increases to 1 um to
achieve the same splitting ratio. It can be seen that the SPPs
with short wavelength can achieve strong coupling at a short
coupling length. Moreover, the properties of the coupling re-
gion are affected by the waveguide separation distance and the
smaller the value of 7, the stronger the coupling effect.[>!:2?]
The theoretical analysis of the MIM waveguide reflector can
be realized by applying K and 7, to the transfer matrix model,
as described in formula (1).

——port 5 and -e-port 6@Q1 ym
(a)
1.0 —e—port 5 and -e-port 6@1.55 pm
port 5 and -e-port 6@Q2 pm
> 0.8 U\ 2% ge%%e
s
=
£ 0.6
=
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g 04
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0.2
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Length of coupling region/pm
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Fig. 2. (a) Variation of the transmissivity of positions 5 and 6 over the cou-
pling length L when t = 20 nm for the wavelengths of 1 um, 1.55 um, and
2 pm; Distribution of the absolute value of the electric field (| E|) at each
port under the coupling length of (b) 100 nm, (c) 750 nm, and (d) 1.5 pm for
A =1.55 pm.

Without loss of generality, the wavelength of 1.5 um and
[ =2 pm is chosen and the reflection and transmission char-
acteristics of the device are investigated. The variation curves
of reflectivity R of port 1 and transmissivity T of port 2 in the
MIM reflector over the coupling length L calculated using both
the transfer matrix model and FEM are shown in Fig. 3(a).
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Fig. 3. (a) Variation of reflectivity of port 1 and transmissivity of port 2 over
the coupling length L when the wavelength is 1.55 pm and / =2 um (points
for the transfer matrix model results; lines for the FEM results ); (b) Distri-
bution of the absolute value of the electric field in the reflector under L of
300 nm and 750 nm when / =2 pum; (c) Variation of reflectivity of port 1 and
transmissivity of port 2 for / =1 pum and [ =3 um.

As shown in the figure, both R and T tend to vary period-
ically and alternately as L increases. When L = 300 nm, the
splitting ratio of ports 3 and 4 is 77:13 (shown in Fig. 2(a)),
and the reflectivity equals transmissivity, indicating that the
reflection with 50% is achieved at this coupling length. The
left image in Fig. 3(b) shows the distribution of a normalized
electric field of the reflector. The light and dark fringes of
the electric field of SPPs are observed in the device, indicat-
ing that the electric fields in both directions interfere. And for
L =750 nm, R reaches a maximum of 78% when T is approxi-
mately 0.4% as shown in Fig. 3(a), corresponding to an extinc-
tion ratio of 23 dB. At this length, the coupling region realizes
a 50:50 splitting ratio. The right image in Fig. 3(b) shows
the distribution of a normalized electric field. As is shown in
the figure, there is a very obvious interference phenomenon
in the device, and the light input to port 1 is completely out-
put from port 1 after propagating through the device, which
demonstrates its function of total reflection. It can be seen
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that the reflection and transmission characteristics of the de-
vice strongly depend on the coupling splitting ratio, while the
splitting ratio in turn depends on the coupling length. Reflec-
tivity can be varied by changing the coupling length. When the
splitting ratio is 50:50, the strongest interference condition is
observed, and the total reflection can be achieved. In addition,
figure 3(a) shows that the results obtained from the transfer
matrix model and FEM simulation agree well in spite of small
discrepancies caused by the reflection of the boundary condi-
tion in the FEM simulation. This confirms the accuracy of our
proposed theoretical model. In addition, the length of the loop
also affects the reflection and transmission characteristics of
the device. Figure 3(c) shows the variation of reflectivity in
the port 1 and transmissivity of port 2 for / = 1 um and 3 um.
It can be seen from the figure that the change in length / does
not affect the overall trends of R and T, but affects the am-
plitudes of R and T due to different losses. The short length
helps reduce the loss, and the transmittance and reflectivity are
improved. However, the length cannot be reduced directly be-
cause the bending loss increases when the length reduces to
a certain level, therefore the length of the loop must be opti-

mized.
0-8F ——L =400 nm
—— L =750 nm
¢ —o—L=1pum
éﬁ 0.6
2
ge]
Q
o
= 0.4}
~
0.2F
0 1.0 2.0 3.0 4.0
Wavelength /pm

Fig. 4. Simulation results of reflectivity under different wavelengths of inci-
dent light when L =400 nm, 750 nm, and 1 pm.

The simulation results of the reflectivity of the device for
different wavelengths A of the incident light when L is 400 nm,
750 nm, and 1 pm are shown in Fig. 4. It can be seen that
the reflectivity initially increases and then decreases as the
wavelength increases for all coupling lengths. However, the
peak position and bandwidth of the reflectivity are different
for different coupling lengths. When L = 400 nm, because a
50:50 splitting ratio is realized when the wavelength is 1 pm
(shown in Fig. 2(a)), the reflectivity reaches its maximum at
A =1 um, and the 3-dB reflection bandwidth is 0.97 pm. And
for L =750 nm and 1 pum, the peak positions shifts to 1.55 um

and 2 um, and the reflection bandwidth has been extended to
1.5 um and 2 pum, respectively. Therefore, it is necessary to
design the length of the coupling region according to the inter-
esting wavelength, and the shorter wavelength has a narrower
bandwidth.

4. Conclusion

A new type and easy-to-fabricate metal-insulator—metal
waveguide reflector based on Sagnac loop was designed and
investigated. The transfer matrix theoretical model for the
transmission of electric fields in the reflector was established
for the first time and the properties of the reflector were studied
and analyzed. The simulation results indicate that the reflectiv-
ity of the reflector strongly depends on the coupling splitting
ratio determined by the coupling length. For an optimum cou-
pling length of 750 nm when the wavelength is 1.55 pm, the
reflectivity and isolation were 78% and 23 dB, respectively.
Moreover, the peak position and bandwidth of the reflection
spectrum also varied with the coupling length. For a larger
coupling length becomes longer, the peak position became to
longer wavelengths and the bandwidth became wider.
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