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A directional coupler (DC) Mach—-Zehnder interferometer (MZI) thermal optical switch based on a polymer
and glass waveguide hybrid for three-dimensional (3D)-integrated chips is demonstrated. The proposed
thermal optical switch consists of a polymer waveguide and glass waveguide prepared using an ion-
exchange technique. The two waveguide cores can achieve coupling in the vertical direction, improving
the integration level on 3D-integrated chips, realizing the complementary advantages of polymer and
glass materials. Because of the opposite thermal optical coefficients of polymer and glass materials, and
the good stability, low transmission loss and large thermal conductivity of glass material, the device with
a low power consumption, small dimensions, fast response time and high extinction ratio can be easily
obtained. The optical field coupling between the graded refractive index and step refractive index in 3D
directions was simulated. The optimized coupling efficiency is 99.82% with an open-window dimension

. (w) of 3 um. The refractive index difference between the diffusion surface center and cladding (An) is
iizzgtz% igi;v:rac? 228112 0.022. The properties of the DC-MZI thermal optical switch were optimized, achieving a switch power
consumption of 516 mW, a rising time of 128.8 us, a falling time of 249.5 us without an air trench

DOI: 10.1039/c9ra00037b structure, and a switch power consumption of 3.74 mW, a rising time of 140.7 ps, a falling time of 256.3
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Introduction

Photonic integrated circuit (PIC) chips are key components of
optoelectronic devices. PIC chips arouse a lot of attention
because of their advances in terms of their low cost, optical
connection point and power consumption, good reliability and
capability to integrate different functional devices. However, the
development of planar PICs is limited by the use of a single
material system on the same substrate.’”

The use of three-dimensional (3D) hybrid integrated devices
can solve the limitation of a one material system in PIC chips,
which have the advantages of the integration of different
materials on two-dimensional (2D) chips, 3D chips, micron
waveguides nano waveguides and so on,*” thus, improving the
chips' integration and performance. In recent years, optical
chip interconnection has been widely used in new generation
computers, optical communication, sensing, radar, satellite
and other high-tech fields. Thus, related research on optical
chips interconnected with 3D hybrid integrated chips has been
studied more and has many advantages compared with 2D
integrated chips. These advantages are: firstly, removing the
chip dimension limitation on the plane, multiplying the
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us after the etching of an air trench structure with a heating electrode width of 8 um.

connection points of integration, optics and electrics; secondly,
making use of the multilayer structure and material advantages,
maximally improving the chip performance and function;
thirdly, integration with microfluidics to realize a lab-on-a-
chip;*® fourthly, integration with microelectronic chips to form
optoelectronic integrated chips (OEIC).

3D hybrid integration is divided into a hybrid waveguide
structure with a one layer structure and in a multilayer structure.
For the one layer structure, the different individual devices are
usually connected using simple methods such as simple splicing
of individual device units and end face attachment. For the
multilayer structure, in order to overcome the plane limitation on
the chip, different coupling methods of 3D integrated devices have
been proposed, including multilayer silica nitride platform
coupling," direct laser writing coupling,” easy connection of
interface," a bonding technique between active and passive glass.™
The multilayer structure is more suitable for the hybrid integration
of various kinds of materials. Therefore, optical manipulation and
switching between different layers are the essential issues.

To realize optical manipulation and switching in the multi-
layer structure, the coupling structure can be applied to
a multilayer waveguide, including an adhesive bonding struc-
ture® and parallel coupling structure.'® These structures do not
possess tuning functions. Therefore, the change in the optical
path in the waveguide can be realized using a thermal tuning
method. In 2003, Chan et al. proposed a wide-angle X-junction
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polymeric thermal optic switch with a driving power of 145
mW." In 2016, Yu et al. fabricated an X-junction optical atten-
uator based on a polymer/silica hybrid waveguide with a 21 mW
electrical input power at 650 nm.'® For a polymer and glass
hybrid waveguide structure, the switch power consumption and
switch time are lower because of the opposite thermo-optical
coefficient of polymer and inorganic material. Furthermore,
compared to the X-junction structure, the directional coupler
Mach-Zehnder interferometer (DC-MZI) optical switch exhibits
lower power consumption.” However, during the fabrication
process of multilayer devices, especially for the parallel wave-
guide coupling method, it is easy to cause unevenness of the
film using a spin coating and silica growth process.

In this paper, a DC-MZI thermal optical switch composed of
a polymer waveguide and glass waveguide is demonstrated. The
polymer and glass hybrid structure is beneficial for reducing the
power consumption and response time because of the opposite
coefficients of polymer and glass materials. The glass waveguide is
fabricated using an ion exchange technique, which can realize
a flat surface film with a multilayer structure. Furthermore, the
polymer material has good doping properties and compatibility
with the glass substrate, which is beneficial for the refractive index
and dimension matching with the glass waveguide. The glass
material has good stability and low transmission loss, and can be
used as a passive waveguide and pumping structure. Therefore, the
polymer and glass hybrid structure can realize the complementary
advantages of the two materials. In this study, the coupling
between the step refractive index of the polymer waveguide and the
graded refractive index of the glass waveguide has been simulated
using COMSOL Multiphysics Modeling Software. Meanwhile, the
device structure, dimension and refractive index was optimized for
the 3D hybrid integration structure. The coupling parameters and
switching properties were also analysed.

Design and simulation

The structure of the 3D hybrid DC-MZI thermal optic switch is
shown in Fig. 1 (a = b = 4 um; w = the open-window size of ion-
exchanged waveguide, d = coupling gap, & = is the height of the
metal heater over the polymer waveguide, m, = the length of the
metal heater, m, = the weight of the metal heater, L, = the
coupling length of waveguide in vertical direction, and L' = the
uncoupling length of waveguide). This thermal optic switch
consists of a polymer waveguide core, an ion-exchanged glass
waveguide core, a metal electrode and the waveguide claddings.
The waveguide plan-section and cross-section along segment 3
are shown in Fig. 1(b) and (c), respectively. The switch was
designed so that half of the optical signal launched from port ‘@’
could be coupled to the bottom waveguide after the first coupling
region. Almost all of the optical signal will be coupled to the
bottom waveguide after the second coupling region in the vertical
direction (cross state). When heating the electrode, the refractive
index of the polymer waveguide could easily be changed because
of the high thermo-optical coefficient of the polymer material,
leading to the change of the optical path from the cross through
state (light is output from 2') to the pass through state (light is
output from a’) and realizing switching function.

10652 | RSC Adv., 2019, 9, 10651-10656

View Article Online

Paper

(2)

a 1.562

1d 1.551

Ll 1.540

(b) ©

Fig. 1 A schematic representation of the polymer-glass hybrid DC-
MZI thermal optic switch (a) with 3D structure, (b) in the y—z plane, (c)
in the x-y plane. (The polymer waveguide is represented in pink,
whereas the glass waveguide is in blue.)

The fabrication process of this thermal optic switch is as
follows. Firstly, the glass core layer can be fabricated using an
ion-exchange technique on a glass substrate. Secondly, the
polymer material was spin-coated onto the glass core layer to
form a middle cladding. Thirdly, the polymer core layer was
formed by spin-coating polymer material onto the cured middle
cladding and applying photolithography with a MZI waveguide
mask. Fourthly, the polymer cladding material was coated onto
the polymer core layer to form a polymer upper cladding.
Fifthly, the aluminium (Al) film was deposited on polymer
upper cladding using thermal evaporation. Then, the positive
photoresist (BP-212) was spin-coated onto the Al film. Finally,
the heating electrode was fabricated using conventional
photolithography and wet etching processes.

Theoretical model and optical field

The glass waveguide can be fabricated using ion-exchange
technology. The refractive index profile of the glass waveguide
(n(x, y, 2)) can be calculated using:**

n(x, )
_ Ncladding +An erfc(y/ WO) x| < 6/2
N Ncladding + An CI'fC(_V/ WO) X An CI'fC(‘X' - 6/2/ WO) |X| > C/2
(1)
N(x, t) = Ny erfc(x/ W) (2)
W, = 2v/Dt (3)

where 7jaqding 1S the refractive index of cladding, An is the
refractive index difference between the diffusion surface center
and cladding, N is the ions' mole fraction, N, is the ions’ mole
fraction at the surface of the glass waveguide, and W, is the

This journal is © The Royal Society of Chemistry 2019
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effective depth of diffusion effected by the diffusion coefficient
(D) and diffusion time (¢). The ions only diffuse along the ‘y’
direction under the mask aperture (|x| < ¢/2), while the ions’
diffusion relies on both the ‘x* and ‘y’ directions beside the
mask (|x| > ¢/2).

The coupling between the polymer waveguide and the glass
waveguide was simulated. The coupling of the light field in two
hybrid waveguides depended on the open-window dimension of
the ion-exchanged waveguide, the concentration difference, and
the diffusion time. The effective refractive index of the two
waveguides could be equalized by adjusting the parameters of
the refractive index change between the diffusion surface core
and the diffusion time at the same width of open-window. The
calculated results are given in Table 1. The relationships
between the refractive index difference (An) and coupling effi-
ciency with different open-window dimensions of the ion-
exchanged waveguide are shown in Fig. 2(a). The curve of the
refractive index difference and coupling gap are shown in
Fig. 2(b). This indicates that the maximum coupling efficiency
was obtained with a coupling gap of 4.5 um.

Because the coupling of the waveguides was related to the
device dimension and refractive index, when the optical field
dimension was mismatching, the complete coupling cannot be
achieved even if the effective refractive indices of the two wave-
guides were equal. The 3D distribution of the light field in the x-y
directions is shown in Fig. 3 with a An of 0.022 and 0.016,
respectively (w = 3 pum). The parameters of E, and E define the
electric field of the boundary mode in the z direction and the
electric field norm, respectively. The results of this show that the
light field was more concentrated in the core of the two

Table 1 The calculated diffusion time of the hybrid waveguide®

t t t
An (min) (w = 2 pm) (min) (w = 3 pm) (min) (W = 4 pm)
0.016 110.4 91.9 89.4
0.018 79.2 64.9 63
0.02 58.8 48.2 46.6
0.022 46.1 37.2 35.8
0.024 36.9 29.4 28.2

“ The refractive index of the substrate = 1.54, the refractive index of the
cladding = 1.54, the refractive index of the polymer core = 1.5523, D =
0.068 min .
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Fig. 2 The curves of coupling efficiency with different (a) refractive
index difference between the diffusion surface center and cladding,
and (b) coupling gap with an open-window size of 3 um.
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waveguides with a An of 0.022 compared with a An of 0.016. The
distribution of the light field in the x-y-z, x-z and y-z directions
is shown in Fig. 4 (w = 3 um, An = 0.022). The half of the optical
signal launched from the port ‘a’ could be coupled to the bottom
waveguide after the first coupling region with a coupling length
of the waveguide in the vertical direction of 4.5 mm. Almost all of
the optical signal could be coupled to the bottom waveguide after
the second coupling region in the vertical direction, which could
realize 99.82% coupling.

Thermal field optimization

To design a hybrid DC-MZI thermal optic switch with low power
consumption and superior response time, there were several
factors including device structure and heating electrode position
that were considered. Because of the large thermal optical coef-
ficient of the polymer material, the effective refractive index of
the thermal optical switch could be easily changed when heating
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Fig. 3 The 3D distribution of the light field for the hybrid DC-MZI
thermal optic switch at the x—y direction: (a) the light field simulation
with a w of 3 um and An of 0.022, (b) the light field simulation with a w
of 3 um and An of 0.016.
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Fig. 4 The three-dimensional distribution of the light field for the
hybrid DC-MZI thermal optic switch. (a) The light field simulation at the

x—y—z direction, (b) the light field simulation at the y—z direction, and

(c) the light field simulation at the x—z direction.
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the electrode. According to the formula: A® = (2I1/A) x AN x m;
(A® = waveguide phase change, A = waveguide wavelength, and
AN = effective refractive index change), the phase of light in the
polymer waveguide could be changed when the effective refrac-
tive index of the thermal optical switch changed. If the A® =T11/2,
the optical path switching function could be realized, so that the
light output was from the b’ port. The curves of the phase change
and the effective refractive index with the device structure
without air trench and etched air trench at both ends of the
heating electrode are presented in Fig. 5.

The distributions of the thermal fields for structure 1 and
structure 2, respectively, are shown in Fig. 6 (heating electrode
width m, = 8 pm and m, = 0.5 cm, the thermal optical coefficient
of polymer = —2.36 x 10", the thermal optical coefficient of
glass = 1.28 x 10~°). Compared with the initial temperature at
293.15 °C, the electrode temperature increases 0.629 °C for
structure 1 (switch power consumption = 5.16 mW) and 0.456 °C
for structure 2 (switch power consumption = 3.74 mW).>°

Another consideration for the heating electrode position is
the requirement that the light absorption of the electrode
should be decreased whereas the variable of waveguide refrac-
tive index should be increased. The relationship between the
distance from the heating electrode to the top of polymer
waveguide (%) and the light absorption of the electrode («) is
shown in Fig. 7. The black line represents the heating electrode
absorption curve of structure 1, whereas the red line represents
the heating electrode absorption curve of structure 2. This
shows that the light absorption of the electrode is 0.279
dB cm ™! and 0.288 dB cm ™! with an % of 1.5 um for structure 1
and structure 2, respectively.

The relationship between the distance from the heating
electrode to the top of polymer waveguide () and the heater

AT=2.519K AT=1.831K

154
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Y
°
Y

°
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oL AT=1.258K o AT=0.915K"
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the effective refractive index the effective refractive index
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Fig. 5 The curves of the phase change with different effective
refractive index, (a) structure 1: DC-MZI thermal optical switch without
etched air trench, and (b) structure 2: DC-MZI thermal optical switch
with etched air trench at both ends of the heating electrode.

293.15

(a) (W]

Fig. 6 The distribution of thermal field for hybrid DC-MZ| thermal
optical switch. (a) Structure 1: DC-MZ| thermal optical switch without
etched air trench; (b) structure 2: DC-MZI thermal optical switch with
etched air trench at both ends of the heating electrode.
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Fig. 7 The relationship between the distance from the heating elec-
trode to the top of the polymer waveguide and the light absorption of
the electrode.

efficiency for the polymer waveguide core layer (7) is shown in
Fig. 8. The formula of the heater efficiency for the polymer
waveguide core layer is expressed as: 1 = (T — To)/(Tn — To) (Th
= electrode heating temperature, T, = initial temperature of
thermal optical switch, and T, = the temperature of the center
polymer waveguide core layer). This showed that the DC-MZI
thermal optical switch with an etched air trench had a higher
heating efficiency. The heater efficiency for the polymer wave-
guide core layer decreased as the distance from heating elec-
trode to the top of the polymer waveguide increased. A heater
efficiency of 53.51% was obtained for with the DC-MZI thermal
optical switch with an etched air trench.

Fig. 9 shows the simulated response time curves of the DC-MZI
thermal optical switch (m, = 8 um, 2 = 2 pm). Firstly, according to
the formula: A® = (2I1/1) x AN x m4, when heating the electrode,
the effective refractive index of the thermal optical switch will
change. Then, the phase changes can be obtained. If A = I1/2,
the optical path switching function can be realized. Secondly, the
transient thermal field in the center of the polymer waveguide core
layer was analysed using COMSOL Multiphysics Modeling Soft-
ware. Finally, the response time of the thermal optical switch can
be obtained using the multi-physical field simulation model. As
indicated in Fig. 8(a), Because of the large thermal conductivity of
the glass material, the response time was affected by the distance
between the polymer waveguide and the glass substrate (d) (the
rising time and falling time were 128.8 us and 249.5 ps, respec-
tively). As shown in Fig. 8(b), the response time could be improved

70% - -
—=— without air trench

65% | [_—e— with air trench _|
60% -
55% |

= 50%f
45%

40%

35%

00 05 1.0 15 20 25 3.0
h (um)

Fig. 8 The relationship between the distance from the heating elec-
trode to the top of the polymer waveguide and the heater efficiency
for the polymer waveguide core layer.
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Fig. 9 The response time curves of the DC-MZ| thermo optical
switch, (a) with different distances between the polymer waveguide
and glass substrate, and (b) with different device structures.

by using an etched air trench structure (the rising time and falling
time were 140.7 ps and 256.3 us, respectively).

Conclusions

In summary, a DC-MZI thermal optical switch based on a poly-
mer and glass waveguide hybrid for 3D integrated chips was
designed. This thermal optical switch could realize a 99.82%
coupling in the vertical direction with a w of 3 um and a An of
0.022. Because of opposite thermal optical coefficients of the
polymer and the glass material, and the good stability, there was
a low transmission loss and a large thermal conductivity of the
glass material. The switch power consumption is 5.16 mW and
3.74 mW for structure 1 and structure 2, respectively, with
a phase change of I1/2, improving the heating efficiency and
reducing the power consumption. The DC-MZI thermal optical
switch was optimized to achieve a rising time of 128.8 s, falling
time of 249.5 ps for structure 1 and a rising time of 140.7 ps,
falling time of 256.3 us for structure 2 with a heating electrode
width of 8 um and an uncoupled length of 0.5 cm. This DC-MZI
thermal optical switch can be applied to the field of optical
interconnects,* chemical sensing® and lithium batteries.*
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