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Abstract: A thermo-optic phase shifter is of great importance in silicon photonics. However, it is
difficult to simultaneously achieve a good performance in insertion loss and in response speed by
using traditional thermal tuning through a metallic heater. In this paper, based on coupled-mode
theory, we propose a method to place high-loss materials close to the optical waveguide while
maintaining the low loss of the optical device, which ensures the low insertion loss (~0.78 dB) of
the phase shifter. Additionally, thanks to the very short distance between the rib waveguide and
the chromium (Cr) heater, the phase shifter exhibits a high response speed (1.15 s in rise time
and 2.18 us in decay time) with a measured bandwidth (BW) of 186 kHz. Moreover, we further
optimize the structure of phase shifters, leading to the reduction of 7t-shift power consumption from
25.1 mW to 13.6 mW. Our proposed phase shifters have great potential in large-scale silicon photonic
integrated circuits.
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1. Introduction

With its low loss, high speed, large bandwidth, and high integration, silicon photonics
provides new possibilities for faster, more flexible, and more effective information process-
ing in the information era. An optical phase shifter is an indispensable component of the
silicon photonics platform, since many emerging applications require the integration of a
large number of optical phase shifters, such as integrated photonic quantum [1-3], optical
phased array [4-6], optical neural networks [7-9], reconfigurable signal processors [10,11],
arbitrary waveform generation [12,13], and so on.

Due to the high thermal conductivity (142 Wm~'K~! [14]) and the thermo-optic
coefficient (1.84 x 10~* K~1 [15]) of silicon, thermal tuning is widely used in optical
phase shifters, and it can be easily achieved by heating the waveguide with metallic
microheaters. However, to avoid optical loss, metallic heaters are usually placed far
away from the waveguide (usually around 2~3 um) in conventional designs, which could
lead to a low response speed and high power consumption because of the long heat
conduction distance. Although, doped silicon [16,17] and two-dimensional materials [18,19]
are proposed to replace metallic heaters for fast response, the fabrication processes become
relatively more complicated in these cases. Especially, a two-dimensional material-based
microheater requires complex fabrication and transfer processes, which are not compatible
with complementary metal oxide semiconductor (CMOS) technology. Therefore, metallic
heaters are still widely used in large-scale silicon photonic integrated circuits, and how to
simultaneously realize a low insertion loss and a fast response speed for the phase shifters
using metallic heaters has become an urgent problem to be addressed.

In this paper, we propose and experimentally demonstrate a metal phase shifter that
has both a low insertion loss and a fast response. In the phase shifter, chromium (Cr)
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heater is deposited at a very short distance on the side pad of the rib waveguide for rapid
heating. The design method based on the coupled-mode theory ensures the low mode
loss of the phase shifter, which is experimentally measured to be 0.78 dB. The modulation
performance of the phase shifter was measured through the Mach-Zehnder interferometer
(MZI) structure, and the fastest response time was 1.15 s in rise time and 2.18 us in decay
time, with a measured bandwidth (BW) of 186 kHz. In addition, we designed an improved
structure of the phase shifter, reducing the 7-shift power consumption (Pr) from 25.1 mW
to 13.6 mW, while maintaining a high response speed.

2. Methods

Considering a system composed of two coupled rib waveguides with different losses,
based on coupled-mode theory, the equations of motion for the amplitudes a; and a; in
these two rib waveguides can be written as [20]:
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where 1 and 3, are the propagation constants of the two waveguides, 1 and 7, are the
corresponding loss factors, x is the coupling strength, and z is the propagation distance.
The eigenvalue of this system can be given by:

Ae =B —iy+ \/Kz + (dB — idy)? @)

where f=(B1 + B2)/2, v =(71+72)/2,dB =(B1 — B2)/2,and dy = (71 — 7¥2)/2. The absolute
value of the imaginary part of the eigenvalue A+ (i.e., Im(A.)) is proportional to the loss
of the corresponding eigenmode. By normalizing Equation (2) with x, we can reduce the
number of variables and simplify the theoretical analysis that follows. Meanwhile, with the
assumption of 1 = 0 (lossless waveguide, LWG) and 7, > 0 (high-loss waveguide, HWG),
we can finally obtain A4 /x as a function of df/x and 7y, /x:
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Figure 1a presents the calculated imaginary part of A+ /x (i.e., Im(A+ /x)) as a function
of vp/x when |dB/x| is a constant. It can be seen that with the increasing of v, /x, the
loss of the eigenmode corresponding to eigenvalue A_ (mode 2) increases rapidly, and
only the eigenmode corresponding to eigenvalue A, (mode 1) can still transmit with a low
loss, which ultimately manifests as light being confined in a lossless waveguide. Figure 1b
intuitively shows the variation of the eigenmode distribution and the propagation field in
the coupled system with the increase of v, /x. We can conclude that when >/« is large,
mode 2 will decay rapidly, the two eigenmodes will decouple, and the light will be confined
in the lossless waveguide.

Specific to mode 1, Figure 1c shows calculated Im(A,/x) as a function of 7, /x at
different [dB/«x|. For the system with a particular coupling strength «, the mode loss
first grows with the increasing of y,, until it reaches the maximum value. After that, the
mode loss will counterintuitively decrease with the increase of ;. Furthermore, we can see
from the curves corresponding to different 1df/«x | that the mode loss will monotonically
decrease with the increase of |df/x |. Therefore, there are two ways to reduce the insertion
loss when the coupling strength x remains constant. One is by increasing the 1dS |, which
is affected by the real refractive index difference between the two waveguides, another
is by reducing or sufficiently increasing the inherent loss (i.e., the imaginary part of the
refractive index) of the high-loss waveguide. Therefore, by treating the metallic heater as a
high-loss waveguide, when the heater is very close to the waveguide, the phase shifter can
achieve a low loss by choosing a metal with a suitable complex index of refraction, instead
of simply placing the metallic heater far enough away to reduce waveguide-metal coupling
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(i.e., decrease ), as in previous schemes. The dotted oval box annotation in Figure 1b
shows the difference between our scheme and previous schemes. We achieve a low loss
by balancing the three parameters of df, v, and «, while the previous schemes ignore the
metal type and simply make « close to 0 through the long distance between the waveguide
and the heater to achieve a low loss.
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Figure 1. (a) The imaginary parts of A+ /«x vary with 7, /x when |dB/«x| =1. (b) Schematic diagrams
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of the eigenmode distribution and the propagation field as 7y, /x increases. (c¢) The imaginary part
of Ay /x vary with v, /x at different 1df/«x|. (d) Simplified cross-sectional diagram of the phase
shifter, not to scale. W = 500 nm, H = 220 nm, h = 70 nm, Gap = 350, 450, and 550 nm. (e) Simulated
optical E field distribution for the fundamental mode at a wavelength of 1550 nm (Gap = 450 nm).
(f) Simulated temperature distribution at P, = 25.1 mW (Gap = 450 nm).

Based on the above principles, we designed a phase shifter using a metallic heater
on a silicon-on-insulator (SOI) substrate, and Figure 1d shows its cross-sectional view. It
comprises a rib waveguide and a Cr strip placed very close to the side of the rib region. The
ridge waveguide was fabricated by etching 150 nm deep on an SOI substrate with a top
silicon thickness of 220 nm and the width of the rib region is 500 nm, and the Cr heater was
also 220 nm thick and 500 nm wide. The gap between the rib region and the Cr heater was
350, 450, and 550 nm. The longitudinal length of the phase shifter was 100 um. Because of
the short distance and the direct contact through silicon between the Cr heater and the rib
region, the heat generated by the Cr heater can be quickly conducted to the rib region, so a
high response speed can be expected.

With the designed parameters of W = 500 nm, H = 220 nm, h = 70 nm, and Gap = 450 nm
in Figure 1d, the optical E field distribution of the designed phase shifter at 1550 nm is
shown in Figure le. The simulation result was calculated by the finite-difference-time-
domain (FDTD) method. The optical field is well confined in the rib region with an
insertion loss of 0.48 dB. Figure 1f shows the temperature distribution in a cross section of
the phase shifter simulated by COMSOL Multiphysics. The boundary conditions with a
constant ambient temperature of 293 K at the boundaries of the silicon substrate and a fixed
convection of 10 W/m? K at the boundaries of the open-air region were set; 25.1 mW (P
measured in the following experiments) was applied on the Cr heater, and the temperature
at the center of the rib waveguide was heated up to 339 K.

3. Results

We first measured the insertion loss of the phase shifter. Figure 2a shows the mea-
sured transmission spectra of the phase shifters with different gaps and the reference rib
waveguide without the Cr heater. The experimental configuration is presented in Figure 3a.
An amplified spontaneous emission (ASE, OS8143) optical source was used to generate
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a C-band broadband signal. An optical isolator was used to ensure the unidirectional
transmission of light, and a polarization controller (PC) was used to ensure proper input
polarization to the chip. After passing through the phase shifter, the output light was
characterized by optical spectrum analyzer (OSA, Yokokawa, AQ6319) for the spectrum. By
comparing the spectra of phase shifters with reference spectrum, we can calculate that the
insertion losses introduced by the Cr heaters was 2.40 dB, 0.78 dB, and 0.15 dB at different
gaps. Figure 2b shows a comparison of the simulated and the experimental results of
insertion losses. The scattering of light on the rough surface of the fabricated waveguides
and the fabrication errors, such as the deposition residue on the edge of the Cr heater
(shown in SEM images below), cause the actual insertion losses to increase compared to the
simulated results.
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Figure 2. (a) Measured transmission spectra of reference rib waveguide and phase shifters with
different gaps. (b) Measured (blue circle) and simulated (red circle) insertion losses for different gaps.

Figure 3. (a,b) Block diagrams of the experimental setups for the characterization of the phase shifters.
ASE, amplified spontaneous emission optical source; IS, optical isolator; PC, polarization controller;
DUT, device under test; OSA, optical spectrum analyzer; DC, direct current source; TSL, tunable laser
source; AWG, arbitrary waveform generator; EDFA, erbium-doped optical fiber amplifier; OF, optical
filter; PD, photodiode; OSC, Oscilloscope.

To verify the modulation performance of the phase shifter, we placed the designed
phase shifter on one arm of MZI structure. Figure 3a with the direct current (DC) source
presents the experimental setup used to measure the spectra of the MZI structure at different
driving powers. Figure 3b presents the experimental setup used to measure the dynamic
response of the MZI structure. The wavelength of tunable laser source (TLS, Alnair Labs,
TLG-200) is set at an interference dip around 1550 nm. An Erbium-doped fiber amplifier
(EDFA) is incorporated to amplify the output signal, and an optical filter (OF) after EDFA
mitigates the amplified spontaneous emission noise. The optical signal modulated by the
arbitrary waveform generator (AWG, RIGOL, DG4202) is converted into an electrical signal
by a photodiode (PD, Discovery, DSC40S), and it is displayed on the oscilloscope (OSC,
RIGOL, DG4022).

Figure 4a shows the microscope image of the MZI structure we fabricated. The rib
waveguide and the Cr heater are fabricated in the two MZI arms to balance the optical
loss, both 100 um in length. The corresponding fabrication areas are marked with red
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dashed boxes in Figure 4a. Outside the box are ordinary strip waveguides with a cross
section of 500 nm x 220 nm. The pad of the rib waveguide is connected to the ordinary
strip waveguides through a 20 pm long taper with a width of 0.5 pm and 6.5 pm at two
ends, respectively. Figure 4b shows the scanning electron microscope (SEM) image of the
phase shifter.

(a)

D R gy 2

Figure 4. (a) Microscope image of the MZI structure. (b) The zoom in SEM image of the phase shifter.
Cr heater is false colored.

Figure 5a—c present the corresponding measured results when the gap between the rib
waveguide and the Cr heater is 450 nm. Figure 5a presents the transmission spectra when
different driving power is applied to the Cr heater. Since we place the phase shifter on the
short arm of the MZI structure, the transmission spectra blue shifts as the driving power
increases. Figure 5b shows that the shift of the transmission spectra with increasing driving
power is linear, and the tuning efficiency is 0.0347 nm/mW. The red dots, respectively,
correspond to the different driving powers and corresponding resonance shifts in Figure 5a,
and the one pointed by the black arrows indicate that the 7-shift power consumption is
25.1 mW.
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Figure 5. (a) Transmission spectra of the MZI for different heating powers (Gap = 450 nm). (b) Res-
onance shifts for the interference dips at 1551.06 nm for different heating powers (Gap = 450 nm).
(c) Driving signal (orange line) and corresponding response signal (blue line) (Gap = 450 nm).
(d) Measured 3-dB bandwidth for different gaps.
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A 10 kHz square-wave signal (shown as the orange line in Figure 5c) generated by
the AWG is used to drive the Cr heater to measure the dynamic response of the phase
shifter. The amplitude of the square-wave signal is 4.4 V, which is the half-wave voltage of
the phase shifter. The blue line in Figure 5c shows the corresponding normalized output
signal. Its rise time (from 10-90%) and its decay time (from 90-10%) are 1.15 ps and
2.18 ps, respectively. Figure 5d shows the measured 3-dB bandwidth of the phase shifter
for different gaps.

To reduce the power consumption of the phase shifter, we designed the second struc-
ture (type II) shown in Figure 6a, and Figure 6b shows its SEM image. Type Il is essentially
to additionally perform full etching on both sides of the rib waveguide in the aforemen-
tioned structure (type I). Through the air grooves on both sides to block the heat conduction
in the silicon, the heat generated by the Cr heater can be better confined around the rib
region, thereby reducing power consumption.

(a) X o (b

o e e ]
S e LTy

Figure 6. (a) Simplified cross-sectional diagram of the phase shifter (type II), not to scale. The
parameters are the same as the phase shifter (type I) shown in Figure 1c. (b) SEM image of the phase
shifter (type II). Cr heater is false colored.

Figure 7a shows that the tuning efficiency of the type Il phase shifter with Gap = 450 nm
is 0.0615 nm/mW, which is significantly improved compared to the type I phase shifter. The
red dot pointed by the black arrow indicates that the 7-shift power consumption is 13.6 mW.
Figure 7b shows the measured 3-dB bandwidth of the type II phase shifter for different
gaps. Since the fabrication failed when Gap = 350 nm, the corresponding performances are
not presented.

Figure 7c shows the measured response time of the two different phase shifters for
different gaps. The response time in the figure is obtained from the average of the rise
time and the decay time. The circles and the squares represent the average of the exper-
imental results of different devices with the same designed parameters on the chip. The
corresponding average values are 1.71 ps, 1.87 ps, and 2.08 us for type I phase shifters and
1.92 us and 1.90 ps for type II phase shifters. The length of the vertical line represents the
value of the corresponding sample standard deviation. Although the phase shifters on
these MZI structures are designed with the same gap (Gap = 350, 450, or 550 nm), there are
different fabrication errors in practice, so the average value of type II phase shifters mea-
sured at Gap = 550 nm is slightly smaller than that measured at Gap = 450 nm. Figure 7d
shows the comparison of the n-shift power consumption of two different phase shifters.
The corresponding average values are 25.2 mW, 27.6 mW, and 28.1 mW for type I phase
shifters and 14.6 mW and 16.2 mW for type II phase shifters. We can see that the optimized
structure can reduce the power consumption of the phase shifters by approximately 10 mW
for different gaps, without significantly degrading their thermal tuning speed.
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Figure 7. (a) Resonance shifts for the interference dips at 1549.75 nm for different heating powers
(Gap = 450 nm). (b) Measured 3-dB bandwidth for different gaps. (c¢) Measured response time

(the average of rise time and decay time) for different gaps. (d) Measured power consumption for
different gaps.

4. Discussion

Table 1 shows a comparison of the proposed schemes with the state-of-art phase
shifters using metallic heaters demonstrated on a silicon platform in recent years [21-24].
The 7 is the thermal time constant. In references where T is not reported, the T in Table 1 is
calculated based on the single-pole approximation (t = 0.35/BW).

Table 1. Comparison of experimental results with phase shifters using metallic heaters.

Scheme Loss [dB] BW (1) [kHz (us)] Py [mW] Ref
Optimum TiN heater 0.4 62 (5.6) 21.4 [21]
Multi-pass structure with W heater 1.2 54 (6.5) 1.7 [22]
Silicon spiral waveguide with Ti heater 0.9 39 (9) 3.0 [23]
Silicon-rich silicon nitride with Ni:Cr heater 1.2 15 (23) 8.0 [24]
Our scheme (type I) 0.78 186 (1.87) 25.1 \
Our scheme (type II) 0.96 185 (1.92) 13.6 \

Compared to other schemes, our designed phase shifter achieves both a low insertion
loss and a much faster response speed based on a simple structure and conventional
material. In this work, a thermo-optical phase shifter using Cr to heat the rib waveguide at
a very short distance is proposed and experimentally demonstrated. It has a low insertion
loss (0.78 dB) and a fast response (1.15 us in rise time and 2.18 ps in decay time) at the same
time, and its 7t-shift power consumption is reduced from 25.1 mW to 13.6 mW by optimizing
the structure. In addition, the phase shifter is fabricated only by the two standard silicon
photonic fabrication processes of rib waveguide etching and heating metal deposition,
without the need for silicon air trenches or undercut process. Because of its excellent
performance and its simple fabrication, we believe that the proposed phase shifters have
great potential in large-scale silicon photonics integrated circuits.
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