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Abstract: A narrow-band Bragg grating filter based on a long-range surface plasmon polariton
(LRSPP) waveguide is theoretically demonstrated. The three-dimensional Au stripe that is embedded
in polymer SU-8 acts as both the waveguide and the heating electrode. With the eigen mode expansion
and finite element method optimizations, the proposed filter shows a reflectivity of 0.578 and a 3 dB
bandwidth of 1.1 nm. The central wavelength can be tuned from 1549.9 nm to 1544.3 nm by varying
temperature from 25 °C to 75 °C, while maintaining the optical return loss at —2.5 dB. This proposed
tunable filter has potential in on-chip light signal processing.

Keywords: Bragg gratings; wavelength filter; surface plasmon polariton; waveguide; polymer

1. Introduction

Photonic integrated circuits (PICs) have attracted much attention due to the merit of
integrating different passive and active optical components of lasers, switches, modulators,
and photodiodes on one common platform [1-4]. As a key device, optical filters have been
implemented on different PIC platforms of silicon [5], silicon nitride [6,7], silica [8], InP [9],
and polymers [10]. Because of the simple and instant effect, thermal tuning grating filters
with a top or buried heater have been reported [6,7,11]. Surface plasmon polariton (SPP)
and surface plasmon resonance (SPR) that can offer subwavelength-scale local confinement
have been applied in absorbers [12-17], sensors [18,19], imaging [20], etc. A long-range sur-
face plasmon polariton (LRSPP) waveguide-based amplifier [21], laser [22,23], sensor [24],
and filter [25] have also been reported. In particular, when the metal stripe LRSPP waveg-
uide is embedded in a polymer with low thermal conductivity and high thermo-optic
coefficient, favorable tuning performance can be obtained. However, the two-dimensional
(2D) geometry with only one-directional periodic variation limits the light reflection, which
offers the space for performance improvement by the adoption of three-dimensional (3D)
gratings. The combination of 3D LRSPP waveguide gratings and a polymer with a high
thermo-optic coefficient is expected to offer better filtering performance.

In this paper, a thermally tunable Bragg grating filter based on an LRSPP waveguide
is proposed and theoretically investigated. The gold stripe simultaneously acts as the
optical waveguide and the thermal heater. The width and height of the metal grating
tooth periodically change along the direction of light propagation. Eigen mode expansion
(EME) and the finite element method (FEM) are adopted to study the light reflection and
thermal driving behavior, respectively. Due to the construction of 3D configuration, a
reflectivity of 0.578 and a 3 dB bandwidth of 1.1 nm can be obtained. When the temperature
changes from 25 °C to 75 °C, the peak wavelength in the reflection spectrum shifts from
1549.9 nm to 1544.3 nm. This proposed tunable Bragg grating filter has potential in on-chip
signal processing.
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2. Design and Optimization
2.1. Bragg Grating

The waveguide Bragg grating filter has a periodic structure. It reflects the incoming
light around the Bragg wavelength that is defined as the central wavelength of the grating.
The three key performance parameters of the Bragg grating filter are the central wavelength
(M), reflectivity (R), and the bandwidth (AA). The central wavelength is determined by the
grating period (A) and the average effective index (1ave).

m X A=2 X A X Haye, )

where m is a positive integer representing the order of grating. To enhance the reflection
effect, m is chosen to be 1 in this study. Here, #1,ve can be described as follows [26]:

Re(naprp) X Ia+Re(nap) X 1
Have = (Mefr-n) AA ) B @

where Re(n,4.4 ) is the effective index of Section A, and Re(#n.¢.5) indicates the effective in-
dex of Section B in Figure 1. Furthermore, the bandwidth and reflectivity can be determined
as follows

A2 72

A ="K+ =
TThg e L2’ ©)
R = tanh?(xL), (4)

where « is the coupling coefficient (coupling rate between the forward and backward
propagating mode along the periodic structure), L is the length of the Bragg grating, ng is
the group index, and R is the reflectivity of the filter [27]. According to Equations (3) and (4),
both the bandwidth and the reflectivity depend on the coupling coefficient and Bragg
grating length. Therefore, a stronger reflectivity and narrower bandwidth may be obtained
by increasing the length of Bragg grating L. However, the accompanied enhancement of
coupling coefficient x will lead to a broadening of the bandwidth, which is unexpected for a
narrow-band optical filter. Therefore, compromised gratings can be found by comprehensively
investigating the relationship between the filtering performance and geometric parameters.

A
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Figure 1. Schematic diagram of 3D LRSPP waveguide Bragg grating filter.
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2.2. LRSPP Waveguide Grating

The proposed LRSPP waveguide-based Bragg grating filter is shown in Figure 1. The
Au stripe widths in Section A and Section B within one period are defined as wp and wg,
respectively. Similarly, the heights of Au stripe at Section A and Section B in one period
are defined as hs and hg. One complete grating period A is the sum of /5 and /g. The
ultraviolet-sensitive polymer SU-8 (n = 1.570 near 1550 nm at 25 °C) was adopted as the
top-cladding and bottom-cladding material. Because of the strong thermal expansion, the
density of polymer is reduced when SU-8 is heated, giving SU-8 a negative thermo-optic
(TO) coefficient of approximately —1.8 x 10~%/°C [28-31]. Here, the buried gold stripe
not only acts as the LRSPP waveguide grating, but also as a self-driven heater. For the
convenience of heating, it would be better to remove the top SU-8 cladding above the Au
electrodes. Enough distance between the pad and LRSPP waveguide is desired to eliminate
any passive influence on the light propagation around the gratings, as shown in Figure 2.
To be noted, although a 3D periodic structure is adopted in this work, the geometric
parameters and filtering performance can still be optimized according to Equation (1).

top cladding

bottom cladding

\

——> gold electrode

Figure 2. Reference method of heating buried electrode.

In grating design and optimization, the fill factor f defined by Equation (5) should
be considered.

f=B ®

For a fixed grating period A, the fill factor will affect n.¢ of the waveguide section.
As mentioned in [26], the fill factor impacts both the maximum grating length and the
reflectivity peak at the saturation point. Increasing the fill factor implies the length incre-
ment of Section B, which would lead to higher loss and a reduction in reflection. Therefore,
the loss of the unit cell can be minimized to maximize the reflectance of uniform periodic
Bragg gratings. Practically, the minimum feature size should also be considered. After
comprehensive consideration, the fill factor was fixed at 50% in this work.

3. Simulations

For filter performance optimization, the fill factor f, grating period A, and grating
length L can be optimized according to their contribution to the reflection. Therefore,
geometric parameters of 3D grating width, height, and period were studied using the
EME method.

3.1. Grating Width, Height, and Period

To arrange the central wavelength at 1550 nm, A and 7,ye should be confirmed
according to Equation (1). For this, a straight LRSPP waveguide with height ha,, and
width wa, is firstly introduced to study the effective refractive index #,¢, as shown in
the inset of Figure 3. The real part of ne of the straight Au stripe as a function of i, at
different wa,, via finite difference eigenmode (FDE) calculations is shown in Figure 3. Since
the reflective characteristic of the Bragg grating is utilized in this work, the optical loss
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induced by absorption of the metal stripe, which mainly relates to the imaginary part of
1eff, is not discussed here. In addition, to better illustrate the mode profiles for calculating,
the cross-sectional views of the mode distribution in the straight LRSPP waveguide with
different wa, and ha, are demonstrated in Figure 4. The straight gold stripe symmetrically
surrounded by SU-8 offers symmetric mode power distribution. Better mode confinement
can be observed when wa,, and ha,, are increasing. The lowest 1. is approximately 1.570
when hipy is 0.025 pm and wp,, is 2 pm. According to Equation (1), A is 494 nm at 1550 nm.
Then, the reflectivity as a function of ha,, and wa, was investigated using EME simulations
at A =494 nm. Due to the existence of solver differences, to guarantee the central working
wavelength at 1550 nm, a bigger n.¢ is more favorable. Therefore, wa, = wp was chosen as
8 um.
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Figure 3. Real part Re(1,¢) of the Au stripe as a function /4, at different wp,,.
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Figure 4. Cross-sectional views of mode distribution in the straight LRSPP waveguide with different
Way and hpy.
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To confirm w,, the reflectivity as a function of wavelength at different w is shown
in Figure 5. Here, hp = hay = 0.045 pm. C8x means that wp = 8 pum and w4 = x pm in one
grating period. It can be seen that C82 has the highest reflectivity around 1550 nm.
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Figure 5. Reflectivity as a function of wavelength at different wp when hy,, is 0.045 pm.

For the C82 grating, ha and hp are optimized within the height range from 0.025 pm
to 0.050 um as shown in Figure 3. However, according to Equations (3) and (4), the
objectives of narrow bandwidth and high reflectivity are conflicting and cannot be satisfied
simultaneously. There has to be a compromise between the reflectivity and 3 dB bandwidth
under different i1 and hg combinations. Therefore, ha and hg were set to be 0.045 um and
0.040 pm, respectively.

3.2. Grating Length

The grating length is defined by the number of the grating period N. According to
Equation (4), the length increment of the Bragg grating upon increasing the number of
unit cells will enhance the reflectance. Therefore, it is desirable to quantitatively study the
relationship between the reflectivity and the grating length, which is defined as

L=AxN. (6)

Figure 6 below shows the reflectivity as a function of N. As expected, the reflectiv-
ity increased with the increment of grating length L before reaching saturation around
0.575. As shown in Figure 6, when N was 2000, nearly no change in reflectivity could be
observed. Considering the lossy issue of metal gratings, N was chosen to be 2000 in the
subsequent analysis.
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Figure 6. Reflectivity as a function of the grating period number N.
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4. Thermal Analysis

As mentioned above, the unique feature of the LRSPP waveguide device is that it is
self-driven, whereby the thermal tuning is directly applied to the metal stripe itself. This can
effectively alter the filtering performance. For Bragg gratings with the parameters outlined
in Section 3, the thermal and optical characteristics of waveguide materials can be studied
to precisely evaluate the influence of heat diffusion on the optical mode propagation. In
this work, FEM was used to simulate the thermal steady state of LRSPP waveguide Bragg
gratings. The heat transfer conduction can be expressed by

oT
Pepap T V x (=kVT) =gqs, (7)
where T denotes the temperature, gs is the density of heat generation, p represents the
material density, ¢, is the heat capacity, and k is the thermal conductivity [11]. The following
boundary conditions are satisfied:

(1) 9T/on = 0 for the top and lateral surfaces (n = refractive index),
(2) T =Ty for the bottom boundary,
(3) T =Ty, for the heater.

The material parameters used in the simulations are listed in Table 1. In the thermal
simulation, Si substrate served as a heat sink because of its high heat conductivity. Here,
we set Ty = 25 °C to indicate the initial temperature.

Table 1. Material parameters in simulations.

Material Density (kg/m3)  Heat Capacity (J/kg/K)  Thermal Conductivity (W/m/K)

Au 19320 128 317
SU-8 1190 1420 0.2
Si 2340 700 163

Figure 7 shows the thermal field distributions when the 8 ym wide and 2 um wide
Au stripes, embedded in 10 um thick SU-8 claddings, were heated to 75 °C. Since the
metal stripe was symmetrically surrounded by low-thermal-conductivity polymer SU-§,
an almost symmetric thermal field distribution around the Au stripe can be observed in
Figure 7. Compared with the thermal fields in [10], this heating method offers a more uni-
form thermal field distribution, which is convenient for the analysis of Bragg grating filters.

345

Figure 7. Temperature distribution of (a) 8 um wide and (b) 2 um wide LRSPP waveguide at 75 °C.

To investigate the optical field during heating, the wave equation below was adopted
to determine the effective modal index [32].

Vn2(x,y) x E 27\ 2 27\ 2
V2Et+v<n(2X(XY)y)t> + (/\) nz(x,y)Et = <)\) neffEt, (8)
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where E; represents the transverse electric field, and n(x, y) is the refractive index. Due
to the almost symmetric refractive index and thermal field distribution, the TM-polarized
LRSPP mode along the metal grating showed unremarkable changes at 25 °C and 75 °C.
However, a remarkable temperature change would lead to a distinct refractive index change
of the SU-8 cladding, which would change the central wavelength of the Bragg grating
according to Equation (1). For a 50% fill factor, Equation (2) can be rewritten as follows [33]:

Re(7eprp) + Re(nef
Hve = (effA)2 (Meft5) ©)

As shown in Figure 8, when An,g represents the effective index difference between
Sections A and B, both 71ave and Angg will slightly decrease with the increased temperature
due to the high negative thermo-optic coefficient of the polymer cladding.

x10 2
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Temperature (°C)

Figure 8. Average effective index nave and effective index difference An,g between Sections A and B
with temperature variation.

Since the temperature changes lead to the variation of effective index, the confinement
factor I of Sections A and B at different temperatures can be investigated. Figure 9 shows
the confinement factor I of Sections A and B for TM mode propagation. The confinement
factor of Section A was larger than that of Section B within the temperature range from
25 °C to 75 °C. Both I slightly and gradually decreased with the increment in temperature.
Waveguides with higher n.¢ and larger I' are more favorable in terms of compactness.
However, polymer and gold have inverse thermo-optic coefficients. The absolute value
of the TO coefficient of the polymer is much higher than that of Au. Therefore, the mode
power distributed in the SU-8 cladding will be effectively modulated by the thermal field,
enabling effective filter tuning [6].
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Figure 9. Confinement factor I of Section A and Section B of the LRSPP waveguide grating.
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5. Results and Discussion

To investigate the tunability of the grating filter, the optical return losses of the LRSPP
waveguide Bragg grating as a function of wavelength at temperatures of 25, 35, 45, 55, 65,
and 75 °C were calculated as shown in Figure 10. The central wavelength of the grating filter
varied from 1549.9 nm at 25 °C to 1544.3 nm at 75 °C. The optical return loss remained at
approximately —2.5 dB as the temperature increased from 25 °C to 75 °C. Furthermore, no
remarkable reflection spectrum shape distortion was observed during the heating process.
This stable tuning performance mainly stems from the inverse thermo-optic coefficient
between polymer SU-8 and metal, which results in limited ng and x variation. According to
Equations (1) and (3), the central wavelength and bandwidth at higher temperature should
be consistent with that at 25 °C.

o
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Figure 10. Optical return loss of gold Bragg grating as a function of wavelength at temperatures of
25, 35, 45,55, 65, and 75 °C.

To better illustrate the performance improvement, a comparison between 2D and 3D
LRSPP waveguide Bragg grating filters was conducted. Here, a 2D LRSPP waveguide
Bragg grating implies that the periodical change in waveguide width only happens in
the x—z plane. In the y-direction, no waveguide height variation exists in the 2D Bragg
grating, which means that Section A and Section B have the same height 15 = kg = 0.045 pm.
For the 3D waveguide grating, the periodic waveguide width changes in the x—z plane,
while the waveguide height also changes in the y-direction, which implies that s # hg, as
shown in Figure 1 In the 3D grating case, Section A and Section B were 2 ym x 0.045 um
and 8 um x 0.040 um, respectively. In the 2D grating case, Section A and Section B were
2 um x 0.045 pm and 8 pm x 0.045 pum, respectively.

Figure 11 shows the reflectivity of the 2D (red line) and 3D (blue line) Bragg grating
filters as a function of wavelength at temperature 25 °C. As shown in Figure 11, the 3D
grating filter had a larger reflectivity of 0.578 and a narrower 3 dB bandwidth of 1.1 nm. In
contrast, the reflectivity and 3 dB bandwidth of the 2D grating filter were just 0.485 and
2.448 nm, respectively.

Because of the limitation of lab facilities, only a theoretical design is proposed. Ac-
cording to our previous reported work, a feasible LRSPP waveguide Bragg grating filter
fabrication is suggested. Firstly, the SU-8 2005 polymer can be spin-coated on clean Si sub-
strate. After UV irradiation at an exposure dose of 100 mW, the 5 um thick lower cladding
can be formed. Then, photoresists of LOR-1A and S1805 can be sequentially spin-coated
on the SU-8 cladding surface and thermally cured. Precise temperature and time control
are demanded to guarantee the development. UV exposure can transfer the Section A
patterns of the gratings onto the surface of 51805. The undercut configuration then forms
through the development in MF321. With another extra low-dose UV exposure, 5 nm
deep U-shaped grooves will form on the SU-8 surface due to the further crosslinking of
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polymer [34]. Then, the 5 nm thick Au film can be deposited by electron beam evaporation
at a low rate. Redundant Au can be removed with the liftoff of LOR-1A and S1805 at room
temperature. A repeated liftoff process will form the 3D Bragg gratings. Finally, SU-8 upper
claddings can be spin-coated and cured.

0.6 T T v T T T v
I —3D grating | |
05} =21} graling
>, 041
2 o
5 0.3F
é I
o 02}
e _
01}
0.0 : ! . :
1546 1548 1550 1552 1554

A (nm)

Figure 11. Reflectivity of 2D (red line) and 3D (blue line) Bragg grating filters as a function of
wavelength at temperature 25 °C.

It should be noted that, as the material with favorable physicochemical properties,
SU-8 has been applied in many different waveguide devices, including the construction
of the LRSPP waveguide [18,31]. SU-8 has a relatively larger thermo-optic coefficient,
which allows low-power operation and favorable mode confinement. Moreover, SU-8 can
endure high-temperature treatment and the erosion of different chemical solvents, making
it suitable for double-layer liftoff Au stripe fabrication.

Honestly speaking, the 3D version truly poses a greater challenge for fabrication.
Aiming at a sharper and narrower band, there indeed exist other approaches, such as
increasing the grating length. However, there are intrinsic limitations in the 2D plan.
One is the saturation of reflectivity and bandwidth as the grating length is constantly
increasing. Another is the sacrifice of compactness, because a smaller footprint is more
profitable to construct multifunctional integration. Therefore, although the extra liftoff
process complicates the fabrication, the sacrifice of cost and complexity offers effective
filtering with compactness. Moreover, making use of SU-8 film thickness shrinking, a
phenomenon was observed in our previous study [34], may promise the use of one-step
photolithography and Au deposition to form the 3D waveguide grating.

Since elaborate control is demanded in practical fabrication, and the fabrication error
is unavoidable, the fabrication error was also studied as shown in Figure 12. Almost no
change occurred in the reflectivity spectra when the fill factor was 49%, 50%, and 51%.
Hence, the fabrication error of the proposed 3D LRSPP Bragg grating filter was larger than
10 nm.

To better evaluate the proposed filter, a quantitative performance comparison between
the proposed filter and that of previous reports was conducted. Due to the diversity of
principles and device structures, the comparison was performed in term of materials,
structure, and bandwidth. As shown in Table 2, compared with the polymer/SiN hybrid
waveguide grating filter [6], the proposed 3D LRSPP waveguide Bragg grating filter showed
a smaller 3 dB bandwidth (f3 gg). Furthermore, no external electrode was needed for the
tuning function. Thanks to the high thermo-optic coefficient of polymer SU-8 adopted in
this work, the 3D LRSPP waveguide Bragg grating exhibited a wider bandwidth compared
to that in [27], in which the tunable capability was limited. In contrast, a much wider
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working bandwidth was demonstrated in [35]. However, a smaller f3 45 was observed
in this proposed design. Comprehensively speaking, a balanced performance could be
obtained with the construction of the 3D LRSPP waveguide Bragg grating. Experimental
results were demonstrated in [6,27].

0.6 T T 1 T
L | e = 49 %
0.5 || —r=50% !
| | f=51%
>, 0.4rF .
=
2 [
5 03} -
é L
v 0.2} J
o _
0.1}F .
00 N 1 1 r
1546 1548 1550 1552 1554

A(nm)

Figure 12. Impact of fabrication error on the reflection spectrum.

Table 2. Narrow bandwidth filtering performance comparison.

Working

Platform Structure Bandwidth f3.a8 Ref
Polymer /SiNy Bragg grating 1500—1570 nm ~6.3 nm [6]
s . 0.8 nm (symmetric)
Silicon Bragg grating 1526 nm 0.6 nm (asymmetric) [27]
MIM LRSPP Cavity 500—1250 nm >4 nm [35]
This work .
(IMI LRSPP) Bragg grating 1540—1555 nm ~1.1nm

6. Conclusions

In summary, an LRSPP waveguide Bragg grating filter, which was constructed by
embedding the 3D gold stripe in SU-8 cladding, was theoretically proposed. The metal
stripe acts as both the waveguide and the heating electrode. Geometric parameters were
optimized by eigen mode expansion and the finite element method. The optimized perfor-
mance showed a reflectivity of 0.578 and 3 dB bandwidth of 1.1 nm. The central wavelength
could be tuned from 1549.9 nm to 1544.3 nm by varying the temperature from 25 °C to
75 °C, while maintaining the optical return loss at —2.5 dB. This proposed tunable filter has
potential in on-chip light signal processing.
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