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Abstract—For the silicon photonics integrated circuits, the op-
tical switch plays a vital role in many applications. Large scale
integration requires low switching power and fast switching speed.
However the switching time and switching power of silicon thermo-
optic switch are typically limited to tens of micro-seconds and
tens of milli-watts, respectively. In this paper, we designed and
fabricated a silicon thermo-optic switch with spiral optical phase
shifters, which can reduce the switching power from 21.5 mW
to 8.73 mW compared to the optical switch with straight phase
shifters. Furthermore, we optimized the pulse driving, we proposed
the calculation formula of the pulse voltage, and the overall quanti-
tative scheme of the pulse voltage and pulse width. By adopting the
optimized pulse driving, the switching time is reduced from 27 ps to
4 ps. The proposed silicon thermo-optic switch unit with optimized
pulse driving is very promising for the applications where large
scale integration of optical switches is needed.

Index Terms—Silicon photonics, optical switch, thermo-optic,
switching time, switching power.

1. INTRODUCTION

ILICON photonics has the advantages of low insertion
S loss, high integration capability and compatibility with
the complementary-metal-oxide-semiconductor (CMOS) fabri-
cation processes, make it suitable for large scale optical integra-
tion [1]-[4]. Silicon optical switches play a vital role in many
applications such as optical delay line [5]-[7], optical switch
matrix [8] and quantum optics [9], etc. Typically, silicon optical
switch can be realized by Mach-Zehnder interferometer (MZI)
with tunable optical phase shifter, which can be achieved by
using the well-known carrier dispersion [10], [11] and thermo-
optic (TO) effects [12]-[21]. Silicon optical switch based on
the carrier dispersion can achieve very fast switching speed
down to sub-nanoseconds. However, since optical absorption
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coefficient of silicon will be changed simultaneously during
phase shifting, which will deteriorate the extinction ratio and
insertion loss of MZI optical switch. Furthermore, active silicon
photonic fabrication process is needed, which is costly. By
contrast, silicon TO switch can overcome these shortcomings to
achieve high extinction ratio and low loss. But the switching time
and switching power of silicon TO switch are typically limited to
tens of micro-seconds and tens of milli-watts, respectively. The
relative low switching speed and high switching power limit its
applications, especially in large scale silicon photonic integra-
tion scenarios. To reduce the switching power, one approach
is to create air-gap trenches or adopt silicon undercut process
to reduce unwanted heat dissipation [12], [13]. However, this
will introduce additional processes and dramatically increase
switching time. Another effective approach is optimizing the
optical phase shifter by using folded optical waveguides to
increase the heat utilization. In [14], a TO switch with highly
dense routing of 9 waveguides under a 10 ym wide heater
was demonstrated, and a low switching power of 3.8 mW was
achieved with air-gap trench, however the switching time was
above 45 us due to the poor heat conduction of air. In [15],
by geometrical design optimization, an optical phase shifter
consumes 2.56 mW for 7w phase shift was proposed, but the
switching time was above 34.8 us. In [16], a TO phase shifter
based on a densely distributed silicon spiral waveguide with
switching power of 3 mW was demonstrated and the switch-
ing time of about 11 us was obtained, but still above 10 ps.
On the other hand, in [17], a differential control method was
proposed to accelerate the TO switch’s switching speed and
sub-microsecond switching time was achieved, but the switching
power consumption was large because both heaters were in the
same higher temperature state. In [18], a pulse-width modulation
with “Turbo Pulse” was used to reduce the TO switch’s switching
time to 5.8 us, but the amplitude and width of the “Turbo Pulse”
need to be further optimized quantitatively, and the switch’s
switching power was not improved with conventional straight
optical phase shifter. As can be seen, few silicon TO switch can
get sub-10 mW switching power and sub-10 us switching time
simultaneously.

In this paper, we designed and fabricated a silicon TO switch
with spiral optical phase shifters, by adopting the spiral phase
shifters instead of straight phase shifters, the switching power
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Fig. 1. (a) The schematic diagram of MZI TO switch with spiral optical phase

shifters. (b) The schematic diagram of MZI TO switch with straight optical phase
shifter. (c) The schematic diagram of designed spiral optical phase shifter. (d)
The schematic diagram of designed straight optical phase shifter. (e) The cross
section of spiral optical phase shifter. (f) The cross section of straight optical
phase shifter.

canbe reduced from21.5 mW to 8.73 mW. We also optimized the
pulse driving, we proposed the calculation formula of the pulse
voltage in the cooling process, and then the overall quantitative
scheme of the pulse voltages and pulse widths in both cooling
and heating processes. By adopting the optimized pulse driving,
the switching time is reduced from 27 us to 4 us. By combing
spiral phase shifter and optimized pulse driving, our TO switch
can get sub-10 mW switching power and sub-10 us switching
time simultaneously.

II. THEORETICAL MODEL
A. Reduce Switching Power By Spiral Optical Phase Shifter

The schematic diagram of the designed MZI TO switch with
spiral optical phase shifters is shown in Fig. 1(a). The optical
phase shifters are both formed by spiral waveguides which are
covered by TiN heating electrodes to tune the mode effective
refractive indices, then the optical phases by TO effect. The
detail structure of the designed spiral optical phase shifter is
shown in Fig. 1(c). According to the design manual and our
simulation, the gap between the waveguides should be larger
than 3 pum to avoid optical coupling, the radius of waveguide
bend should be larger than 8 m to ensure that the bending loss
is low enough to be neglected. On the other hand, to improve
the integration density for the scenarios where large amount of
TO switches is needed in a single chip, for example, the optical
beamforming network by cascaded TO switch delay line or large
scale optical switch matrix, the size of the TO switch should be
as compact as possible. Based on the above considerations and
the possible manufacturing errors, we set the gap between the
spiral waveguides as 4 yum to ensure the optical coupling will not
occur, set the inner radius of the spiral waveguide as r = 10 ym
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Fig. 2. (a) The relation between the spiral waveguide’s temperature and
heating power. (b) The relation between straight waveguide’s temperature and
heating power. (c) The comparison of the phase shifts between the spiral and
straight waveguide with varying heating power.

to ensure that the bending loss is low enough to be neglected, and
also make the TO switch compact as well. The heater width is set
as w1 = 10 pum to cover most of the spiral waveguides. The cross
section of spiral optical phase shifter is shown in Fig. 1(e), where
the thicknesses of the buried oxide (BOX), SiO, cladding and
SiO; overlay are Hy,ox = 2 pim, Healading = 1 p#m and Hoverlay
= 1 pm, respectively. The cross section of the silicon waveguide
is set as 220 nm x450 nm to ensure single mode operation. For
the 1 x 1 MZI TO switch shown in Fig. 1(a), the output will
reach maximum (“on” state) when the phase difference between
the two arms is O or 27 due to constructive interference, while
output reaches minimum (“off” state) when phase difference
between the two arms is 7. As comparing, a normal 2 x 2 MZI
TO switch with straight optical phase shifter is designed in the
same chip, and its schematic diagram is shown in Fig. 1(b). The
detail structure of the designed straight optical phase shifter is
shown in Fig. 1(d), where the heater width is set as Wy =2 um.
The cross section of straight optical phase shifter is shown in
Fig. 1(f). Just as the 1 x 1 MZI TO switch with spiral optical
phase shifter, if light is input from the “in” port, the optical
output from the “out” port reaches the maximum and minimum
when the phase differences between the two arms are 0 and 7,
respectively.

In order to compare the switching power between the silicon
MZI TO switches with spiral and straight optical phase shifters,
two dimensional thermo-optic simulations of the optical phase
shifters were carried out as shown in Fig. 1(e) and (f) to obtain
the waveguides’ temperatures with varying driving powers. The
initial temperature is set as Ty = 293.15 K. By scanning the
driving power on heaterl of the spiral optical phase shifter
from 0 mW to 50 mW with step of 5 mW, the waveguides’
temperatures after heating are shown in Fig. 2(a), the red curve
which denotes the temperature of the left waveguides overlaps
with the blue curve which denotes the temperature of the right
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waveguides, in other words, the temperatures of both the left
and right waveguides shown in Fig. 1(e) are the same, and
lower than the temperature of the middle waveguide. The straight
waveguide’s temperature after heating was also simulated and
shown in Fig. 2(b). According to the TO effect, the refractive
index of silicon after heating can be expressed as

dnsi
dTl

Where n,; = 3.476 is the refractive index of silicon at 293.15
K, dng/dT = 1.86 x 10~*1/K is the TO coefficient of silicon.
By using the silicon refractive indices at different temperatures
obtained by Eq. (1), the TE mode effective refractive indices
(negy) of the silicon waveguide at different temperatures were
obtained. Then the waveguide’s phase shift caused by electrode
heating were obtained with the following equation:

2
Ag = Tﬂ(neff —Neffo)L (2)

Nsi =MNg +

(T —To) (D

Where n. g is the TE mode effective refractive index at 293.15
K, n.g is the TE mode effective refractive index after heating,
L is the length of the heated waveguide and X is set as 1550
nm. The lengths of the three silicon spiral waveguides covered
by the heating electrode are 150.72 pm, 175.84 pim and 200.96
pm, respectively. According to (1) and (2), the relations between
the phase shifts and driving powers of the two kinds of optical
phase shifters were obtained and shown in Fig. 2(c). It can be
seen that driving powers of about 9.0 mW and 22 mW are needed
to achieve 7w phase shift for optical switching with the spiral
and straight optical phase shifters, respectively. The simulation
results show that the designed spiral optical phase shifter can
reduce the switching power by 59%.

B. Accelerate Switching Speed By Optimized Pulse Driving

In order to accelerate the switching speed, pulse driving could
be applied [18], but the pulse voltage and pulse width need to be
further optimized quantitatively. The optical switching process
can be divided into heating (“off” to “on”) and cooling (“on” to
“off”) processes. Here we proposed the calculation formula of
the pulse voltage Vp in the cooling process firstly, based on the
value of Vp, we can get the overall quantitative scheme of pulse
voltage and pulse width in both cooling and heating processes
to optimize the pulse driving. An appropriate pulse was applied
to the heater2 to accelerate the cooling process firstly and the
working principle is illustrated in Fig. 3. As shown in Fig. 3(a),
when only the voltage applied to the heaterl changes from “V,,,”
to “V,g" at t1, the switch will change from the “on” state to the
“off” state gradually due to the phase difference between the
waveguidel and the waveguide2 changes from 27 to 7 by just
cooling of waveguidel. In other words, this means ®;-®, =
21, ®3-P, = 7 should be satisfied in Fig. 3(b) and (d). So the
corresponding switching time from the “on” state to the “off”
state will be (t3-t;) if no pulse voltage is applied to the heater2.
However, when the voltage “V,,,” on the heaterl drops, if we
apply a pulse with appropriate voltage V,, and pulse width of
(t2-t1) to the heater2 as shown in Fig. 3(c), an additional phase
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Fig.3. (a) The schematic diagram of the driving voltage applied on the heaterl
in the cooling process. (b) The schematic diagram of waveguidel’s phase in the
cooling process. (¢) The schematic diagram of the pulse applied on the heater2
in the cooling process. (d) The schematic diagram of waveguide2’s phase with
pulse driving in the cooling process.

change of waveguide2 as shown in Fig. 3(d) will be introduced
to reduce the phase difference between the waveguidel and
waveguide2. Through optimizing V), and (t2-t;), the TO switch’s
cooling process can be accelerated from (t3-t; ) to (to-t1 ). To keep
the switch’s “off” state after to, the phase difference between
waveguidel and waveguide2 should be kept as 7 from ty, which
requires $o-P5 = 7, and the phase changing of waveguidel and
waveguide2 should be same during to~ts. To meet this require-
ment, the heating power applied to waveguidel and waveguide2
should be same, so we can determine the driving pulse voltage
Vp as the following equation:

Vo _ VeV 3
Ry Ry

Where R; and R, represent the resistances of the heaterl
and the heater2, respectively. Once the driving pulse voltage
Vp on the heater2 is obtained by (3), the pulse width (ta-t;)
could be determined as long as the phase difference between
waveguidel and waveguide2 is 7 at to when the pulse ends.
In our following experiments, by setting the pulse width (ta-t1)
properly, the switch’s output will be minimum at ty, in other
words, the switch will reach the “off” state as soon as the pulse

ends. This is the criterion to determine the pulse width (ta-t;).
On the other hand, we also introduce a pulse to accelerate the
heating process and the working principle is illustrated in Fig. 4.
When the heater1’s voltage rises from “V, 5 to “V,,,”, the wave-
guidel’s phase changes from ®3 to ®; as shown in Fig. 4(b), the
phase difference between waveguidel and waveguide2 changes
from 7 to 27. If we applied a pulse with voltage V,,;, which
is higher than “V,,” as shown in Fig. 4(c), the waveguidel’s
phase will changes faster as shown in Fig. 4(d) and the switch’s
heating process can be accelerated. The larger V), is, the faster
the heating time. However, over heating will occur if too large
Vpn is applied and has the risk of fusing heaters. So the pulse
voltage and pulse width need to be optimized. In our following
experiments, our criterion for determining pulse amplitude V,;,
and pulse width At is based on the cooling time, since the
accelerated cooling time (t2-t1) could be determined, if the V,,
with pulse width At can accelerate the heating time less than
or equal to the cooling time, we can say that the V5, with pulse
width Atis enough to reduce the overall switching time to (ta-t; ).
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Fig. 4. (a) The schematic diagram of the driving voltage applied on the

heater] without pulse driving in the heating process. (b) The schematic diagram
of waveguidel’s phase without pulse driving in the heating process. (c) The
schematic diagram of the pulse applied on the heater1 in the heating process. (d)
The schematic diagram of waveguidel’s phase with pulse driving in the heating
process.
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Fig. 5. (a) The experimental setup of switching power test. TSL: tunable
laser source, PC: polarization controller, PM: power meter, AOM: analog output
module. (b) The optical microscope image of the TO switch with spiral optical
phase shifters. (c) The optical microscope image of TO switch with straight
optical phase shifter. (d) The spiral waveguide TO switch’s output with varying
heating voltage. (e) The straight waveguide TO switch’s output with varying
heating voltage.

III. EXPERIMENTS AND DISCUSSION

We measured and compared the switching power of the TO
switches with spiral and straight optical phase shifters in the
same chip. The experimental set up is shown in Fig. 5(a), where
the laser from a tunable laser source (TLS, Santac WSL-710)
with output power of 0 dBm was injected into the TO switches
with spiral and straight optical phase shifters separately, a power
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Fig. 6. (a) The experimental setup of switching time test. TSL: tunable
laser source, PC: polarization controller, PD: photodetector, AWG: arbitrary
waveform generator. (b) The measured switching time response with a 5 KHz
square wave driving signal.

meter (PM, Santac MPM-210) was used to measure the optical
power after the TO switches. By scanning the voltages applied on
heater1 of the TO switches with an analog output module (AOM,
NI PXIe-4322), the optical powers after the TO switches were
measured. The optical microscope images of the TO switches
with spiral and straight optical phase shifters are shown in
Fig. 5(b) and (c). The measured transmissions versus the applied
voltages on the TO switches with spiral and straight optical phase
shifters are shown in Fig. 5(d) and (e), respectively. The results
show that the “V,g" and “V,,” of the TO switch with spiral
optical phase shifters are about 2.0 V and 2.46 V, respectively.
The heater]’s resistance is measured to be 235 €2, the switching
power of the TO switch with spiral phase shifters is about 8.73
mW, which can be obtained by (4):

2 72
i

IDswitching: ]0% < 4)
heater

By contrast, the “V,g" and “V,,” of the MZI TO switch
with straight optical phase shifter are about 4.3 V and 6.1 V,
respectively. And the measured heater]’s resistance is about 870
), which corresponding to the switching power of about 21.5
mW. As can be seen, the switching power is reduced 59.4% by
the spiral optical phase shifter, which matches the simulation
results well. The insertion loss of the TO switch with spiral
optical phase shifters is about 2 dB larger than that of the TO
switch with straight optical phase shifter. According to our test,
the insertion loss of both 1 x 2 MMI and 2 x 2 MMI are less
than 0.5 dB, the additional insertion loss of TO switch with
spiral optical phase shifters mainly comes from the spiral phase
shifter. The transmission loss of the spiral phase shifter is about
1.2 dB, which is larger than the straight phase shifter. In the
future optimization, the transmission loss of the spiral phase
shifter can be further reduced by expanding the inner radius.

We also measured and compared the switching time responses
of the TO switch with spiral optical phase shifters, without
and with the optimized pulse driving. The experimental set
up is shown in Fig. 6(a), where the laser from a TLS (Santac
WSL-710) with output power of 10 dBm was injected into
the TO switch, whose heaters’ voltages are controlled by the
arbitrary waveform generator (AWG, Keysight 33500B). And
the AWG’s output was also sent to the oscilloscope for reference.
After the TO switch, a PD (Thorlabs DET01CFC) was adopted
to convert optical signal into electronic signal, which is sent
to the oscilloscope to obtain the TO switch’s switching time
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Fig. 7. (a) The measured “on” to “off” responses by applying a pulse on the
heater2 with different pulse width. (a) 3 s, (b) Sus, (c) 7us.

response. By applying a 5 KHz square wave signal with high
level voltage of V,,, = 2.46 V and low level voltage of Vg
= 2.0 V to the heaterl of the TO switch, the TO switch’s
switching time response without pulse driving was obtained as
show in Fig. 6(b). The rise time (heating, 10%~90%) and fall
time (cooling, 90%~10%) of the switch are 27 us and 22 us,
respectively.

Then we measured the switching time responses of the TO
switch with the pulse driving. According to the theoretical mod-
eling, an appropriate pulse voltage was applied on the heater2
to accelerate the cooling process and reduce the “on” to “off’
switching time firstly. The measured heater2’s resistance is about
387 (2, according to (3), the pulse voltage applied on heater?2 is
about 1.84 V. We applied the pulse of 1.84 V on the heater2
with pulse widths of 3 us, 5 us and 7 us, as the black curves
shown in Fig. 7(a), (b) and (c). The corresponding switch’s “on”
to “off” responses are shown as the blue curves in Fig. 7(a),
(b) and (c). As can be seen, when the pulse width is set as 3
us, the switch’s output is not reduced to minimum when the
pulse ends, which means the pulse width is not enough. When
the pulse width is set as 5 us, the switch’s output is reduced to
minimum and kept minimum when the pulse ends, which means
the pulse width is suitable. This is consistent with our previous
theory. When the pulse width is set as 7 s, the switch’s output
is reduced to minimum before the pulse ends, then additional
ripple occurs, which means the pulse width is overloaded. Then,
an optimized pulse voltage of 1.84 V and 5 us pulse width is
applied on the heater2 to accelerate the “on” to “off” process.
The switch’s “on” to “off” switching time is reduced from 22
us to 4 ps, which is only about 18% of the switch’s response
without the pulse driving. During the “on” to “off” process, the
pulse voltage is only applied to the other arm in 5 us, which is
small compared to the on-off switching time of 22 us without
pulse driving. No additional voltage needs to be applied to the
other arm during other time. So this method is compatible with
the case of simultaneous driving of both arms.

Base on the optimized “on” to “off” switching time of 4 us,
we then applied a pulse voltage on the heaterl to accelerated the
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with spiral optical phase shifter. (b) The TO switch’s switching time responses
with and without the pulse driving.

“off” to “on” switching time into 4 us. Here a pulse voltage with
3.1 V amplitude was chosen to achieve “off” to “on” response,
as shown in Fig. 8. When the pulse width is set as 3 us, the
switch’s output is not raised to maximum when the pulse ends,
which means the pulse width is not enough. When the pulse
width is set as 5 us, the switch’s output is raised to maximum
when the pulse ends, which means the pulse width is suitable.
When the pulse width is set as 7 us, the switch’s output is raised
to maximum before the pulse ends and additional ripple occurs,
which means the pulse width is overloaded. Then, an optimized
pulse voltage of 3.1 V and 5 us pulse width was applied on the
heaterl to accelerate the “off” to “on” process. The measured
switch’s “off” to “on” switching time is reduced from 27 us to
4 s, which is only about 15% of the switch’s response without
the pulse driving.

The experiments results show that both the switch’s “on” to
“off’ and “off” to “on” switching time can be reduced into 4 jis by
the optimized pulse driving. In other words, the switching time
of the TO switch can be reduced from 27 us to 4 us. Finally, we
applied the optimized two pulse voltages as shown in Fig. 9(a)
on both heaters of the TO switch simultaneously. The measured
switching time response of the TO switch is shown as the red
curve in Fig. 9(b). Comparing with the black curve in Fig. 9(b),
which is the switching time response without the pulse driving,
the switching time are dramatically reduced by the optimized
pulse driving.
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In the application scenarios where the TO switch keeps “on”
or “off” state for along time, the extra power consumption caused
by the pulse voltage is low enough to be neglected because the
pulse width of 5 ps is very small. In this case, the widely used
Pgwitching concept in (4) is still applicable. In the application
scenarios where the TO switch’s “on” and “off” states need to be
switched frequently, the additional power consumption should
increase as the frequency of the main drive signal increases.
If the frequency of the main drive signal is low, the additional
power consumption will be a low level and the widely used
Pswitching concept is still acceptable. If the frequency of the main
drive signal increases, the widely used Pgyitching cOncept may
introduce some deviations. To compensate for these deviations,
here we defined the extra power consumption in relation to the
main drive signal frequency as follows. In the “off” to “on”
process, the extra power consumption can be expressed as:

szh B V02n a
Ry

Here a represents the ratio of pulse width with the “on” state,
and can be expressed as:

a = Atpulse off—on/ton = Atpulse of f—on * 2f (6)

According to our experiment, Afyyise on-off = 5 18, f repre-
sents the main drive signal frequency, it is also the switching
frequency. If we set f = 5 kHz for example just as Fig. 9(a)
shows, the extra power consumption for the “off” to “on” process
is about 0.76 mW according to (5). If the main drive signal
frequency is less than 5 kHz, the extra power consumption for
the “off” to “on” process is less than 0.76 mW. Similarly, in
the “on” to “off” process, the extra power consumption can be
expressed as:

Pea:traofffon = (5)

V2
Pe:ctraon—off = Ripg b (7)

Here b represents the ratio of pulse width applied on the other
arm with the “off” state, and can be expressed as:

b= Atpulseonfoff/toff = Atpulse on—off* Qf (®)

According to our experiment, Atpyise off-on = 5 Us, we also
set f = 5 kHz for example, the extra power consumption for
the “on” to “off” process is about 0.44 mW according to (7).
If the main drive signal frequency is less than 5 kHz, the
extra power consumption for the “off” to “on” process is less
than 0.44 mW. According to the above analysis, the overall
extra power consumption relation to a 5 kHz main drive signal
frequency is only 1.2 mW, and it is very small compared to 8.73
mW.

We compare the switching power and switching time of our
work with the typical reported silicon TO switches without
additional undercut process, as shown in Table I. Our TO switch
with spiral optical phase shifters and optimized pulse driving can
achieve sub-10 mW switching power and sub-10 ps switching
time simultaneously. In future, our spiral waveguide structure
can be further optimized to reduce the switching power, such as
minimizing the gap among adjacent waveguides with different
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TABLE I
THE PERFORMANCE COMPARISON BETWEEN OUR WORK AND OTHER
REPORTED SILICON TO SWITCHES

Ref switching power (mW)  switching time (US)
[14] 3.8 (with air-gap) 45
[15] 2.56 34.8
[16] 3 11
[18] / 5.8
[19] 12.7 24
[20] 50 3.5
[21] 80 20
This work 8.73 4

waveguide widths in the spiral region, reducing the bend radius
of the waveguide by adopting Euler curve or Clothoid bend [15],
by these method, the size of the phase shifter can be more com-
pact, longer waveguides can be heated directly by the heaters,
which can further reduce the switching power. Furthermore,
the pulse-width modulation in [18] could be adopted to avoid
the requirement of digital to analog (DA) conversion and make
the driving circuits simpler for the scenarios where large scale
integration of TO switches are needed.

IV. CONCLUSION

In this paper, we designed and fabricated a silicon TO switch
with spiral optical phase shifters, by adopting the spiral phase
shifters instead of straight phase shifters, the switching power
canbereduced from21.5 mW to 8.73 mW. We also optimized the
pulse driving, we proposed the calculation formula of the pulse
voltage in the cooling process, and then the overall quantitative
scheme of the pulse voltages and pulse widths in both cooling
and heating processes. By adopting the optimized pulse driving,
the switching time is reduced from 27 us to 4 us. In future,
we will optimize spiral optical phase shifter more precisely to
further reduce the switching power.
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