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A polymer-silica hybrid 2×2 thermo-optic switch is demonstrated. The top cladding and core layer
are composed of polymers, while the bottom cladding is made of silica. Since polymer and silica
have opposite signs of thermo-optic coefficients, the change of the refractive index of the core is
opposite to that of the bottom cladding as the temperature increased. With the finite difference
beam propagation method (FD-BPM) and thermal coupling simulation, the proposed device
presents a crosstalk of 20 and 18 dB at bar state and cross state, respectively. The device also
exhibits extinction ratios of 19 and 27 dB at each state. In addition, the low absorption of material
and simple structure of the device enable the insertion loss to be 17 dB. Also the electrical power
consumption is about 45 mW at λ = 1.55 μm. The rise time and fall time of switching are 0.2 ms
and 0.4 ms, respectively.
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1. Introduction
Optical switches are essential components in optical cross connecting protection
switching, optical signal monitoring and optical add/drop multiplexing (OADM).
Different approaches have been investigated to improve the performance, such as
utilizing the electro-optic (EO) effect to realize fast optical switches [1, 2]. But these
approaches either suffer from complicated techniques, or from high fabrication cost
and inconvenience for integration. Because the large thermo-optic (TO) coefficients
and low thermal conductivity can result in effective modulation, polymer optical
switches based on TO effect become a promising method for integrating multi-
functional devices and mass production with low cost [3, 4]. It is especially favorable
to employ silicon as the substrate which would serve as a good heat sink. Due to
different thermal characteristics of polymers and silicon, stress is induced in
the waveguide films [5]. Therefore, integrating the above features into hybrid TO
switches has been reported [6].
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Different types of optical waveguide switches have been fabricated, including
directional coupler, Y branch and multimode interference (MMI). The directional
coupler switch is very sensitive to dimension size in the processing of fabrication.
Though the Y branch switch is independent of polarization in a certain range of
wavelength, it needs larger length to obtain suitable operating voltage and requires
more electrical power to achieve low crosstalk. As to MMI coupler, it shows good
features of compactness, suitability for integration and fabrication tolerances
compared to the above switches [7].

In this paper, we demonstrate a novel MMI waveguide thermo-optic switch,
of which one heating electrode is used for switching operation [8]. Compared to
the previous polymer thermo-optic switch, in which SiO2 is adopted as the bottom
cladding of the waveguide, the electrode structure is optimized to reduce the electrical
power consumption.

2. Configuration and principle

In this paper, the proposed TO switch is based on MMI effect. The schematic diagram
of the device is shown in Fig. 1. It consists of two couples of input/output
waveguides and a channel MMI coupler, which is heated by an electrode. Different
from the conventional polymer switches, the waveguide of the proposed switch
consists of two different materials. The top cladding and core layer are polymer
materials, while the bottom cladding is silica, which is useful to achieve faster
switching speed. Since silica and polymer have opposite sign of thermo-optic
coefficients, as the temperature increases, the refractive indices of the core and
the bottom cladding shift reversely. The silicon substrate functions as a heat sink
because of its large thermal conductivity. And for this reason, it is confirmed that
the hybrid waveguide exhibits the bar state when electric power is applied.

In our design, the polymethyl methacrylate glyciclyl methacrylate (PMMA-GMA)
material is adopted to fabricate the device, which is low cost and easy fabrication.

Fig. 1. Schematic diagram and cross-section view of MMI optical switch.
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The structure includes a 4 μm thick core layer of PMMA-GMA with bis-A-epoxy,
of which the refractive index is 1.492 at 1550 nm. The PMMA-GMA is used as
the upper cladding. Its  refractive index is 1.483 at 1550 nm. The TO coefficient of
PMMA-GMA and  the lower cladding SiO2 is –1.2×10–4 °C–1 and +1×10–5 °C –1,
respectively.

In order to determine the geometrical size of the proposed switch, numerical
calculations are carried out [9], based on the following MMI imaging formula:

(1)

where we take the effective refractive index nf as 1.486, the width of MMI waveguide
WMMI as 12 μm, and the operation wavelength λ0 as 1.55 μm. Then the characteristic
imaging length is calculated to be 184 μm.

For our case, the optical and thermal behaviors of the device are analyzed by
Beam PROPTM, which is based on the finite difference beam propagation method
(FD-BPM) [10]. The software could be applied to confirm the fluctuation of
the refractive index in the waveguide. In this work, design optimization is performed
for coupling rectangle waveguide and SMF-28 fiber, the geometrical size of S-bend
waveguide, the MMI waveguide and the heating electrodes length. The thermal
parameters and refractive indices are listed in the Table, which are used in the following
simulation [11].

Figure 2 shows the optical power distributions of the light at the cross state and
the bar state. The facet of the input S-bend and the MMI coupler is located at
the position of Z = 0. The heating electrode is placed on the top cladding along
the MMI waveguide. As to the MMI waveguide size, increasing the width of MMI
coupler is undesirable in the application, because it would lengthen the device
remarkably. Increasing the thickness of the MMI waveguide can improve self-imaging
quality and uniformity, so this technique will become the best choice [12]. 

In this design, the input/output waveguide widths at the interface of the fiber and
the device are chosen to be 8 μm, because the mode field diameter of the single
mode fiber SMF-28 is 8 μm–10 μm, and enlarging the waveguide width can improve
the mode size matching and reduce the coupling loss effectively. Since the width of
MMI is 12 μm, we adopt S-bend and tapered waveguides which change the waveguide

Lπ
4nf WMMI

2

3λ0
-----------------------------=

T a b l e. Thermal parameters and refractive indices used in the simulation.

Material Thermal conductivity 
[Wm–1 °C–1]

Thermo-optic 
coefficient [°C–1]

Refractive 
index Position

Al 407 – – Heating electrodes
PMMA-GMA 
(bis-A-epoxy) 0.2 –1.2×10–4 1.492 Core

PMMA-GMA 0.2 –1.2×10–4 1.483 Top cladding
SiO2 1.4 10×10–4 1.45 Lower cladding
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width gradually from 8 μm at the position of the input ports to 4 μm at the position of
Z = 0. And waveguide width changes from 4 μm at the position of Z = 9312 μm to
the output ports gradually, which is shown in Fig. 2 [11, 13].

According to the above analysis and simulation, the MMI waveguide size was
determined to be 12 μm×4 μm at 1550 nm with an index contrast of 0.6% and
the length of the MMI coupler was chosen to be 9312 μm. 3 μm thick SiO2 and
6 μm thick PMMA are adopted as the bottom cladding and top cladding, respectively.
The two input/output waveguides in S-bend were positioned at 1/3 and 2/3 of the whole
MMI coupler width.

The temperature distribution inside the waveguide layers due to the constant
temperature elements is determined by solving Poisson’s equation [14]: 

(2)

where T (x, y, z) is the temperature and Q (x, y, z) is the heat generated per unit volume
within the waveguide layers. 

From the above analysis, in the absence of applied power, light coupled to port 1
is emitted from port 4, and vice-versa. However, when a π phase shift is applied to
the self-image, the light coupled to port 1 will be imaged onto port 3 as shown in Fig. 2.
The phase shift is controlled by the following equation:

(3)

where k = 2π/λ, the phase shift is induced by the change of the refractive index n
along the tunable section with the heater length Lh for a signal at λ = 1.55 μm.
The change of refractive index dn /dT is dependent on the TO coefficient of material
and change of temperature ΔT [13]

(4)
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Fig. 2. Beam propagation calculation of the polymer-silica hybrid waveguide structure.
Current = 0 mA (a), Current = 3.2 mA (b).
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The TO coefficient of the PMMA is –1.2×10–4 °C–1, from Eqs. (3) and (4),
the relative temperature increase in our design is

(5)

According to the calculation, when the coupling length is about 9312 μm, ΔT is
about 0.7 °C. Since the heating electrode is on the surface of the top cladding,
the temperature in the top cladding is larger than that in the core waveguide, and
smaller than that in the bottom cladding SiO2. The perturbation could be described by
the following heat transfer Fourier’s equation in transient condition with constant
thermal conductivity [15]

(6)

where ρ is the density of materials (kg m–3), cp is the specific heat (J kg–1 °C–1), K is
the thermal conductivity (W m–1 °C–1), Q (x, y, z, t) is the heat generation per unit
volume (Wm–3).

The extinction ratio and the cross talk of the conventional waveguide consisting
of only polymer are compared to those of the polymer-silica hybrid waveguide in
the simulation, which are shown in Figs. 3 and 4. We can see that the extinction ratio
of the hybrid structure is higher than the conventional one, while the cross talk is lower
than it is in both states. Curves of the conventional one are more smooth than those of
the hybrid structure, which exhibits two sharp peaks in bar state.

Figure 5 shows the switching characteristics of the device. We can see that
when the same electrical power is applied on the electrode, the hybrid waveguide

TΔ 1.55 104×
2.4 Lh

-------------------------------=

ρ cp
∂T
∂t

------------ K ∇2T Q x y z t, , ,( )+=
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Fig. 3. Simulations of spectral characteristics of cross talk at cross state and bar state for hybrid structure
and conventional structure.

Fig. 4. Simulations of spectral characteristics of extinction ratio in cross state and bar state for hybrid
structure and conventional structure.
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structure presents better extinction ratio than the conventional one. It corresponds to
the simulation above. According to the calculation, the device will exhibit switching
behavior when 3.6 mW electric power is applied to the electrode [12].

3. Fabrication

The fabrication process of the proposed hybrid device is as follows: a silicon wafer
was used as a substrate. The bottom cladding of a silica layer of 3 μm thick was formed
on the substrate by thermal oxidation method. Polymethyl methacrylate glyciclyl
methacrylate (PMMA-GMA) with bis-A-epoxy was adopted as the core layer material.
It was spin coated to be 4 μm thick on the bottom cladding and was baked at 120 °C
for 3 hours to remove the solvent. Then, the photoresist was spun coated on a metal
mask, which was vaporized on the core layer. The photoresist was baked at 80 °C for
20 min, and exposed for 40 s under UV light (10 mW/cm2) at the 365 nm wavelength
with a photomask for wet etching. After that, reactive ion etching (RIE) was carried
out in oxygen atmosphere for 40 min to form the switch pattern. Afterwards, the top
cladding of 6 μm thick was formed so as to improve the efficiency of guided mode
index modulation and decrease the roughness of the waveguide surface after RIE
processing [16]. 

Finally, the electrode for thermal heating was formed by vacuum evaporation
of Al on the top cladding, patterned through photolithography and wet etching.
The thickness of the electrode was about 200 nm. After the device was diced, end
facets of the device were polished, and the optical fibers were attached to the input
and output waveguide of the device.

4. Experiments results and discussion

An important performance characteristic of an optical switch is the dependence on
the wavelength. To obtain the operational characteristics of the fabricated device,
the output light from a tunable semiconductor laser is launched into the input port 1.
The optical power output from the port 4 and port 3 are monitored by an optical
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Fig. 5. Comparison of switching characteristics
for hybrid and conventional structures.
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spectrum analyzer [17]. With the electrode turning on and off, the spectral
characteristics of the extinction ratio obtained from monitoring the two output ports
are shown as curves in Fig. 6. The extinction ratio observed in bar state is higher than
that in cross state, which is believed to be caused by the dimension difference between
the practical situation and the design. 

When the wavelength ranges from 1520 nm to 1580 nm, the cross talk experiences
a large change, which is shown in Fig. 7. This renders the switch to be only suitable
for working in a narrow range of wavelengths around 1550 nm.

Figure 8 shows the experimental switching characteristics of this device. Because
of the high contact resistance existing at the interface of the probe and the electrode,
the insertion loss fluctuates in the power range. And the practical driving power is
much higher than that in the simulation. If this resistance could be reduced effectively,
the driving power is expected to be much smaller.

With the best alignment, the fiber-to-fiber insertion loss of a 2 cm long chip is
tested to be about 17 dB at 1550 nm, of which some 10 dB is estimated to be caused
by the fiber chip coupling. From the cut-back loss measurement of the straight
waveguide, the propagation loss of the polymer waveguide is found to be about
2 dB/cm. The remaining 3 dB is due to the wall roughness of the waveguide and
the mutual coupling between branch waveguides. It is confirmed that the initial
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guided mode of the hybrid optical waveguide leaks completely to the bottom cladding
with an applied electrical power of 45 mW.

Figure 9 shows the optical response of temporal switching characteristics observed
by an oscilloscope. It strongly supports the validity of the switching function outlined
above. Also, we can find that the rise time and the fall time of switching are 0.2
and 0.4 ms, respectively. The waveguide boundary difference between the design and
the actual condition changes the temperature dispersion. That is another factor which
will affect the switching speed.

5. Conclusions
A 2×2 multimode interference polymer-silica hybrid thermo-optic switch with
relatively low power consumption is proposed and demonstrated experimentally. This
device employs two different materials, polymer and silica, which have opposite
thermo-optic coefficients. Due to the hybrid structure, the device shows relatively good
compactness and high fabrication tolerance. So this 2×2 switching element is
considered to be a suitable building block for constructing larger polymer-based
switching matrices.
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