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We proposea?2 x 2 thermo-optic switch with high switching
performance. The switch is based on multimode interferom-
eter (MMI) couplers and a Mach-Zehnder interferometer
(MZI) structure, where the phase arms are designed as lat-
erally supported suspended ridge waveguides (LSSRWs)
with a metallic heater placed on the slab. It is experimentally
demonstrated that this switch has a power consumption of
1.07 mW, a thermal time constant ~4.7 s, an extinction
ratio ~30 dB, and an insertion loss ~0.5 dB. Particularly,
the corresponding figure of merit (FOM) has been improved
by 1 order magnitude compared with general thermo-optic
switches. This 2 x 2 thermo-optic MMI-MZI switch may
find potential application for network reconfiguration and
on-chip optical information processing. © 2021 Optical
Society of America

https://doi.org/10.1364/0L.413747

The2 x 2 optical switch is one of the indispensable components
for protection switching, cross connection, dynamic configu-
ration, and variable optical distribution in next-generation
intelligent optical networks and information processing systems
[1-4]. To satisfy the increasing channel capacity requirements,
there is a growing need for a high-integration optical switch
module, including 16 x 16, 32 x 32, and 64 x 64 switch
modules. Due to the high refractive index (~3.5) and com-
patibility with complementary metal oxide semiconductor
(CMOS) manufacturing process, the silicon platform is fea-
sible for large-scale integration and commercial application of
photonic integrated circuits, such as the switch module [5-7].
Up to now, optical switches based on the silicon platform can
be driven by the thermo-optic effect, electric-optic effect, and
microelectromechanical system (MEMS) [8]. Compared with
the latter two ways, the thermo-optic effect can realize a large
tuning range, a small operation voltage, and especially a tuning-
independent optical loss for optical switches [9—-11]. Although
the 2 x 2 thermo-optic switch has a relatively large response
time (microsecond scale), it is suitable for dilated switch mod-
ules because of its advantages of low loss and high extinction
ratio (ER) [12].

The Mach—Zehnder interferometer (MZI) is a widely used
structure for 2 X 2 thermo-optic switch, thanks to its broad
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bandwidth, high wavelength independence, and temperature
independence [8,13]. The 2 x 2 thermo-optic MZI switch
predominantly comprises two 3 dB couplers and two arms.
Commonly, there are two types of 3 dB couplers including the
directional coupler and multimode interferometer (MMI).
Although the footprint of the MMI is bigger than that of the
directional coupler, the MMI has higher fabrication tolerance,
wavelength independence, and polarization independence
[14-16]. On the other hand, the phase difference of two arms
in MZI are controlled by a phase shifter, which utilizes a metal-
lic heater particularly. While a graphene heater may have a
higher response speed [17,18], a metallic heater can ensure
a higher reliability for application in air circumstances [19].
The heating power inducing a 7w (180°) phase shift is defined
as the power consumption of thermo-optic switch. In order to
decrease the power consumption of the 2 x 2 thermo-optic
MZI switch, suspended waveguide structures manufactured by
etching cladding beneath and around the arms were proposed,
by which the power consumption was reduced to less than
1 mW [20-23]. However, the suspended waveguide structure
would lead to a large increase of the response time, resulting
in an improved figure of merit (FOM) denoted as the product
of power consumption (Q,) and thermal time constant () as
described by Eq. (1) [24,25]. Previously, we have proposed a
laterally supported suspended ridge waveguide (LSSRW) for
the 2 x 2 thermo-optic MZI switch and realized a relatively
smaller FOM than those of general thermo-optic MZI switches
based on a suspended waveguide [26,27]. Nevertheless, the
fabrication tolerance, ER, response speed, and FOM of the
switch should be further improved to meet the practical demand
of the high-integration switch modules,

FOM= Q, - t. (1)

In this Letter, we designed and fabricated a 2 x 2 thermo-
optic MZI switch based on 3 dB MMI couplers, LSSRW's, and a
heater-on-slab structure. For this switch, a taper was adopted to
connect the multimode waveguide of the MMI and the single-
mode waveguide for reducing the optical loss and imbalance
of MMI output ports [14,28]. Moreover, two LSSRWs with
metallic heaters patterned on one side of waveguides were
implemented as the arms of the MZI for decreasing the power
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Fig. 1.  Schematic of the 2 x 2 thermo-optic MMI-MZI switch:
(a) overall structure, (b) MMI, and (c) LSSRW with heater-on-slab
structure.

Table 1.  Structure Parameters of the MMI
Parameter w,, w, W, L, L,
Dimension (ptm) 8.0 2.2 2.67 35.0 78.6

consumption and response time of the switching operation.
By silicon microfabrication technology, a 2 x 2 thermo-optic
MMI-MZI switch with low power consumption, relatively high
response speed, high ER, and low cross talk was demonstrated.
As schematically shown in Fig. 1(a), the 2 x 2 thermo-optic
MMI-MZI switch is based on an MZI structure where the MMI
is deployed as the coupler. This switch mainly comprises two
3 dB MMI couplers, two symmetric phase arms, and one Cr/Au
heater. The overall structure of the MMI [Fig. 1(b)] consists
of a multimode waveguide and four taper sections, designed
as ridge waveguide (RW) structures on the 0.22-pum-thick top
silicon layer of a silicon on insulator (SOI) wafer. As mentioned
previously, a taper section is used to connect the multimode
waveguide and single-mode waveguide, reducing the optical
loss. It is clearly shown in the inset of Fig. 1(b) that the RW hasa
relatively much thick ridge (0.16 pm) and a thin slab (0.06 pm),
focusing the optical energy in the ridge section. The MMI
parameters are listed in Table 1. When setting MMI width (W)
first, MMI length (L,,) and center-to-center separation of two
tapers (W) can be calculated by Eqs. (2) and (3) [15], where 8,
B2 are the propagation constants of the first-order mode and
second-order mode in the multimode waveguide, and then the
length (Z,) and wide side width (W) of the taper are attained by

simulation optimization using eigenmode expansion method,

(2

T

T 28— B
W, ~ W, /3. (3)

m

Figure 1(c) depicts the schematic of the LSSRW as two arms
of the switch. The LSSRW includes a Cr/Au heater, suspended
Si RW, beam-pillar structure, and Si substrate. To improve
the device performance, the heater is set on the slab of wave-
guide, and the thicknesses of Cr and Au layers are 0.01 pm and
0.12 um, respectively. The length and width of the heater are
100 pm and 0.5 pm, respectively. The spacing between the
heater and ridge is designed as 0.75 pm for balancing the optical
loss and thermal stability of the waveguide. In order to obtain
a single-mode waveguide, the width of the ridge and slab are
0.5 pm and 2.1 pm, respectively. The dimension parameters
of the beam-pillar structure, supporting the suspended RW,
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Fig. 2.

Simulated distributions of (a) stress and (b) deformation of
LSSRW under a temperature rise of 100°C.
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Fig.3. Simulated transmission (7Z;ns) of the output ports (a) MMI
and (b) 2 x 2 thermo-optic MMI-MZI switch without heating on
LSSRW. Insets show the optical power distribution at a wavelength of
1550 nm.

have the same values as the devices fabricated before [27]. With
the numerical model built previously [29], the simulated dis-
tributions of stress and deformation for LSSRWs are obtained
by the finite element method and plotted in Fig. 2. Under a
temperature rise of 100°C, the maximum stress, occurring in
the Au heater layer, is about 260 MPa, which is smaller than
the allowable stress of the Au thin film [30]. Meanwhile the
maximum deformation (~42 nm), approaching two ends of
the LSSRW, is just ~0.4% of the distance between adjacent
beam-pillar structures. These results indicate that the 2 x 2
thermo-optic MMI-MZI switch with the LSSRW has a high
thermal stability when operation temperature increases 100°C.

To ensure a high ER and small cross talk for the 2 x 2 thermo-
optic MMI-MZI switch, it is highly important to balance
the output powers of the two ports [out 1 and out 2 shown in
Fig. 1(b)] in the 3 dB MMI coupler. Figure 3(a) presents the
simulated transmission of these two output ports by the eigen-
mode expansion method. The splitting ratio between out 1 and
out 2 is 1.0-1.06 approximately, indicating that the MMI cou-
pler has a precise 3 db splitting. With these MMI couplers, the
corresponding transmission of the two ports (Bar and Cross) in
2 x 2 thermo-optic MMI-MZI switch is illustrated in Fig. 3(b).
When not heating one LSSRW in the switch, the Cross port is
at on-state while Bar port is off. In the wavelength range of 1510
to 1600 nm, the cross talk between the Cross and Bar is smaller
than —30 dB, and especially it is ~ — 35 dB at a wavelength of
1550 nm, presenting a high switching performance.

The fabrication process for the 2 x 2 thermo-optic MMI-
MZI switch is shown in Fig. 4. While the first procedure is
identical to the previous switch [26], MMI and phase arms
are defined on the top silicon layer of SOI by electron beam
lithography and inductively coupled plasma etching. Then, the
Cr/Au heater layer is deposited on the slab of the phase arms
after defining the heater domain by electron beam lithography.
Finally, the air trench structure is formed by wet-etching SiO,
layer with 40%-mass-fraction hydrofluoric acid (~100s). It
is validated in the fabrication that the hydrofluoric acid would
nearly not react with Cr/Au. Compared with the fabrication
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Fig. 4.  Schematic of the microfabrication process of the switch:
(a) SOI wafer, (b) definition of ridge waveguide, (c) deposition of the
Cr/Au heater on the slab, and (d) formation of the air trench beneath
the phase arms.

Fig.5. Microscope image of the overall structure and SEM images
of the LSSRWs and grating coupler for the 2 x 2 thermo-optic MMI-
MZI switch.

process adopted previously [26], the process presented here hasa
lower costand can ensure a higher accuracy for the narrow heater
layer because there is no SiO; depositing procedure after etching
the waveguides and because a thin photoresist is needed for the
metal lift-off process. The yield for the switch (three identical
devices) is about 100% as e-beam lithography is used for device
structure definition in each process.

Figure 5 shows the top view of the fabricated 2 x 2 thermo-
optic MMI-MZI switch. The overall structure was obtained by a
microscope, while structures of the grating coupler and LSSRWs
were characterized by a scanning electron microscope (SEM).
The grating coupler is composed of focusing grating that has a
period of 0.62 um and alength of ~13.0 pm. Owing to the high
refractive index contrast in the grating without a SiO; upper
cladding layer, the measured optical loss of one grating coupler is
about —5.5 dB ata wavelength of 1550 nm. LSSRWs are clearly
shown in the middle inset, which has robust beam-pillar struc-
tures to sustain the suspended waveguide. Note that, despite
the metallic pads and grating coupler, the footprint for overall
structure is ~450 pm X 30 um, suggesting that this switch is
applicable to switch modules.

The switching power consumption (Q,) of the 2 x 2
thermo-optic MMI-MZI switch can be measured by the trans-
mission of two output ports (Cross and Bar). The measurement
was conducted by an optical circuit whose light (1555 nm) was
transmitted by a semiconductor laser (santec TSL-510), and
then went through a polarization controller and the switch;
finally, it was detected by an optical powermeter (YOKOGAWA
AQ2200-221). Figure 6 shows the normalized transmission
of Cross and Bar ports under different heating powers to one
LSSRW in the switch. The normalized transmission is equal to
the values of subtracting output powers of Cross and Bar ports
by the measured output power of two back-to-back grating
couplers. The measured average Q, is ~1.07mW for both
the Cross and Bar ports. Moreover, the switch has excellent
static-state features with an ER ~30 dB, an insertion loss (IL)
~0.5 dB, and cross talk as low as —30 dB. The IL is the absolute
value of the normalized transmission when the output port of
the switch is at on-state and the measurement error of the optical
powermeter is £0.13 dB, which may cause some uncertainty.
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Fig. 6. Measured transmission of the Bar and Cross output ports

of the 2 x 2 thermo-optic MMI-MZI switch under different heating

powers on one arm. Inset shows the experimental and simulated results
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Fig. 7. Measured transient response for the Bar and Cross output
ports of the 2 x 2 thermo-optic MMI-MZI switch under 10 kHz
square-wave voltage excitation.

It is observed from the measurement and simulation results
(inset in Fig. 6) that the IL is smaller than 0.5 dB in a wavelength
range of 1540 nm to 1565 nm.

The transient response of the 2 x 2 thermo-optic MMI-MZI
switch was measured by a similar circuit described above, but the
output light from semiconductor laser was first amplified by an
erbium-doped fiber amplifier and finally detected by an optical
detector (THORLABS DET01CFC). The voltage excitation
added on the heater, and the measured dimensionless optical
powers of Bar and Cross ports are plotted in Fig. 7. The voltage
excitation has a frequency and a duty cycle of 10 kHz and 50%,
respectively, changing between 0.2 V and 0.4 V. The measured
10%-90% rising time (#,p) and 90%—10% falling time (Zgown)
are about 10.4 ps and 5.2 s, respectively. Thus, the thermal
time constant (T = #,,/2.2 [25]) is about 4.7 ps. Herein, the
transient response process when increasing heating power is
defined as the rising process, while the process when decreasing
the heating power is the falling process.

The performance comparisons of the switch presented here
with the previously fabricated switch [26] and several repre-
sentative thermo-optic switches are listed in Table 2. Compared
with other thermo-optic switches, the thermo-optic switch
presented here exhibits a FOM (<10 nW-s) with 1 order mag-
nitude improvement, high ER, small Pi voltage (V), and
relatively low optical loss. Note that the thermal time constant of
the switch presented here is far smaller than that of the previous
switch, benefiting from the decrease in heat capacity of the phase
arm [29].

In conclusion, we have designed and demonstrated a high
switching performance 2 x 2 thermo-optic MMI-MZI switch
with a LSSRW and heater-on-slab structure. Deploying the
heater on the slab of the LSSRW and maintaining a sufficient
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Table 2. Performance Comparison of Typical Thermo-Optic Switches’
FOM

Work Structure Cladding Heater Lwg (um) V; (V) Q,(mW) 7 (us) (nW-s) ER(dB) IL(dB)
Yueral[18] MD air graphene / ~2.6 ~4.0 5.8 ~23.2 ~15 /
Schall et al. [17] MR ALO;  graphene  ~56.6 ~7.3 ~11.0 1.4 15.4 ~10 /
Atabaki ez al. [9] MR air NiCr ~12.6 ~2.8 ~12.2 1.3 15.9 ~15 /
Dongezal. [31] SMR SiO, Ti ~40 0.5 ~1.2 77.3 ~92.8 ~10 ~0.5
Watts et al. [24] MZ1 air N, Si ~10 ~12 12.7 2.4 30.5 ~20 ~0.5
Jacques et al. [25] MZI1 SiO, N, Si ~300 ~2.2 22.8 2.2 50.2 ~30 <0.4
Fang ez al. [23] SW-MZI SiO, TiN 120 ~0.9 0.49 65.5 32.1 23 0.3
Luetal [21] SFW-MZI SiO, TiN ~2750 ~0.14 0.05 354.5 17.7 26 3.3
Previous work [26] LSSRW-MZI Si0, Cr-Cu 100 0.6 1.1 34,5 38.0 11.5 0.5
Present work LSSRW-MZI air Cr/Au 100 0.2 1.07 4.7 5.0 30 ~0.5

‘MD, micro-disk; MR, micro-ring; SMR, suspended micro-ring; SW, suspended waveguide; SFW, suspended folded waveguide; N, Si, n-doped silicon; Cr-Cu,

Cr heater layer and Cu pad.

distance between the ridge and heater, the fabricated switch
can enable a low power consumption, a relatively fast response,
a high ER, and a low optical loss. Moreover, this switch has a
1 order magnitude higher FOM than typical thermo-optic
switches. While the optical loss can be further reduced by using a
high-accuracy microfabrication process, the 2 x 2 thermo-optic
switch proposed may have a promising application in switch
modules for reconfigurable optical network and on-chip optical
information processing systems, which need a modest response
speed.
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