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Abstract: The 2-um-waveband has been recognized as a potential telecommunication window
for next-generation low-loss, low-latency optical communication. Thermo-optic (TO) modulators
and switches, which are essential building blocks in a large-scale integrated photonic circuit, and
their performances directly affect the energy consumption and reconfiguration time of an on-chip
photonic system. Previous TO modulation based on metallic heaters at 2-um-waveband suffer
from slow response time and high power consumption. In this paper, high-performance thermo-
optical Mach—Zehnder interferometer and ring resonator modulators operating at 2-um-waveband
were demonstrated. By embedding a doped silicon (p.+-p-p++) junction into the waveguide, our
devices reached a record modulation efficiency of 0.17 nm/mW for Mach—Zehnder interferometer
based modulator and its rise/fall time was 3.49 us/3.46 us which has been the fastest response
time reported in a 2-um-waveband TO devices so far. And a lowest P, power of 3.33 mW among
reported 2-um TO devices was achieved for a ring resonator-based modulator.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

With the development of artificial intelligence, the Internet of Things, and other information
technology, current fiber telecommunication systems are foreseeably reaching their capacity
limit. Extending the optical communication window to a new wavelength range has been
proposed to be a potential solution. The emergence of Thulium-/Holmium-doped fiber amplifiers
(TDFAs/HDFAs) [1] with ultra-wideband (1.85-2.05 wm), low-noise, and high gain makes
the 2-um-waveband favorable as the new telecommunication window for wavelength-division-
multiplexing systems. Besides, hollow-core photonic bandgap fibers (HC-PBGF) [2,3] could
potentially achieve a loss as low as 0.2 dB/km at 2-um wavelength band and allow high-capacity
and low-latency data transmission because of their intriguing optical properties, including high
damage threshold and significantly reduced nonlinearity and dispersion. All these facts make it
worthwhile to explore the 2-um-waveband as a potential window for future telecommunications
and data communications. Silicon photonic devices have recently attracted an increasing amount
of attention to building up the 2-um communication infrastructure. A series of devices such as
arrayed waveguide gratings [4,5], lasers [6,7], modulators [8,9], photodetectors [10,11], mode
multiplexers [12], power splitters [13], and other key components at this waveband had been
developed. In spite of that, essential components, such as high-performance optic switches,
remain to be further investigated for a complete integrated photonic circuit at 2-um-waveband.
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Optical modulators and switches can flexibly define the data throughput and the light path
in optical links [14], and their reconfiguration time and power consumption limit the overall
performance of optical communication systems operating in the 2-um-wavelength range. Electro-
optic (EO) modulators exhibit high speed but suffer from low modulation efficiency and large
footprints, whereas thermo-optic (TO) modulators and switches provide a moderate speed,
compact and low-loss solution that facilitates large-scale photonic integration. The high thermo-
optic coefficient of silicon makes it an excellent platform for integrated TO modulation. A variety
of applications, including light detection and ranging (LIDAR) [15], on-chip spectroscopy [16],
photonic computing [17], and quantum computing [18], were achieved based on TO switches
at 1.55 um. Thus, high-performance complementary metal-oxide-semiconductor (CMOS)-
compatible silicon TO modulators and switches at 2-um-waveband deserve further exploration
because of the very limited number of studies reported so far.

The key unit for a TO modulator is the microheater, which can be a metallic heater [19], a
silicide heater [20], or a doped silicon heater [21,22]. For ease of comparison, a figure-of-merit
(FOM) of TO modulator could be defined as 1/(P-t), in which Py is the ;t-phase-shift power
consumption and T is the response time [23] (choose the longer T if the rise time and fall time
are not identical as the longer response time limits the dynamic performance). TiN heaters
have been utilized in TO switches at 2-um-waveband [24-26]. However, the metallic heaters
are usually placed at least 1 wm above the waveguide by silica spacers to suppress the parasitic
optical absorption. The thick silica spacer inevitably impedes the heat conduction from the
heater to the waveguide below due to its low thermal conductivity. Thus, these external heaters
often experience severe heat dissipation to surrounding cladding and a large heat capacitance,
which leads to relatively high power consumption, low response time, and a typical FOM of
around 0.001 mW~'us~!. On the contrary, the current could flow through the doped Si heater
[21,22], which generates Joule heat directly inside optical waveguides without long-distance heat
transportation. This enables TO switches based on doped silicon heaters to achieve a relatively
high FOM with a fast response time and reduced power consumption. However, TO modulators
or switches based on doped silicon operated at the 2-um-waveband have not been demonstrated
yet.

In this paper, we demonstrated high-performance thermo-optic modulators with p.+-p-p++-type
silicon heaters at 2-pm-waveband based on a 220 nm silicon-on-insulator (SOI) platform for the
first time. Mach-Zehnder interferometers (MZIs) and micro-ring resonators (MRR) were used
to improve the optical modulation performance. Our MZI-based TO modulator showed a high
modulation depth of 17 dB, low insertion loss of 1.13 dB, and a fast response time of 3.49/3.46
us. As for our proposed MRR-based TO modulator, it achieved low P, power consumption of
3.3 mW and exhibited a high FOM of 0.081 mW~'us~!. These proposed TO modulators can
further promote large-scale photonic integration at 2 um significantly.

2. Structure design and thermo-electric and optical simulation of the p...-p-p.-
heater

The schematic cross-section and key structural parameters of the p..-p-p++ structure are shown
in Fig. 1(a). Our devices were fabricated on a 220 nm SOI wafer, where the waveguide width
is 0.6 um, and the ridge height is 0.15 um. The lightly doped areas are 1.5-um-wide, and the
heavily doped areas are 0.45 um away from the edges of the waveguide to suppress the free
carrier absorption loss. The contacts are 3.7 um away from the waveguide edges, preventing the
excessive absorption from metal contacts.

The 2D temperature distribution in the p,;-p-p++ structure was simulated by the COMSOL
Multiphysics thermo-electric solver. The boundary conditions with constant room temperature at
the boundaries of the silicon substrate and convective heat flux at the boundaries of the open-air
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Fig. 1. (a) Schematic cross-section of the p.4-p-p++ structure. (b) Simulated temperature
distribution in the p-type-doped heater at a driving voltage of 5.8 V. (c) Simulated temperature
in the waveguide under different voltages. (d) Voltage-dependent effective refractive index
change and phase shift. The dashed line denotes the m-shift position.

region were set. The simulated temperature distribution depicted in Fig. 1(b) was obtained at a
driving voltage of 5.8 V. The temperature of the waveguide core could be heated up to 355.46 K.

The phase tuning Ay as a function of temperature variation can be expressed as Ag :2{% %AT
[23,27] where A is the free-space wavelength, L is the heating length, dn/dT is the TO coefficient,
approximately 1.76x10™* K~! [28] for silicon at 2 um under room-temperature, and AT is the
variation of temperature. Figures 1(c) and 1(d) demonstrate the calculated temperature in the
waveguide, effective refractive index change and phase shift under different voltages, respectively.
Therefore, for a 100-um-long waveguide phase shifter, a temperature change of 57.53 K is needed
to produce one s-shift at 2 pm.

3. Fabrication processes and measurement setup

The devices were fabricated on 220 nm SOI wafers with a 2-um-thick SiO; box layer in a multistep
process with multi-project-wafer (MPW) runs involved at the Institute of Microelectronics of
the Chinese Academy of Sciences IMECAS). Firstly, the waveguide patterns were defined by
deep ultra-violet (DUV) photolithography and inductive coupling plasma (ICP) etching process.
Secondly, boron ion implantation was performed to form the lightly doped p-type areas with
a doping concentration of 7x10'7 cm™ followed by a heavy doping process with a doping
concentration of 1.7x10%° cm™3. Thirdly, the Ti/Au (5 nm/100 nm) contact electrodes patterned
by electron beam lithography (EBL) were deposited directly above the heavily doped areas using
electron beam evaporation to form the ohmic contact. Finally, a 1-um-thick SiO, cladding was
deposited by plasma-enhanced chemical vapor deposition (PECVD), and electrode windows
were opened by hydrofluoric acid etching.

The measurement system is shown in Fig. 2. The computer controlled the tunable 2 um laser’s
wavelength sweeping and processed the data stream from the data acquisition equipment (DAQ),
which was used for data synchronization between the laser and the power meter. The polarization
of the light was adjusted by a polarization controller (PC) to optimize the coupling efficiency. And
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the transmitted optical signal was read by the power meter. For static measurement, a source meter
was used to apply voltage and monitor the current flowed through the p-doped heaters. The peak
shift of the devices and I-V/O-P(current-voltage/transmission-power) curves could be obtained.
For dynamic characterization, an arbitrary waveform generator (AWG, Siglent SDG6032X-E)
was utilized to apply the modulation signal. The optical output of the device was connected to a
photodetector, while its photocurrent was amplified by a photomultiplier-tube (PMT-PFA). The
amplified modulated signal was recorded by an oscilloscope (Siglent SDS5104X) in real time. In
this way, the rise and fall times of our devices could be obtained.
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Fig. 2. Schematic of the measurement system: a fiber coupling setup is used for light
coupling. DAQ: data acquisition equipment, PC: polarization controller, DUT: device under
test, AWG: arbitrary waveform generator, PD: photodetector, PMT: photomultiplier tube,
PFA: pulse forming amplifier.

4. High-performance silicon TO modulators at 2 um

4.1. MZl-based modulators

We designed and fabricated unbalanced MZI TO modulators with the heaters on one of the MZI
arms. The microscope view of the modulator is shown in Fig. 3(a). The inset shows a zoom-in
view of the p-doped heating structure. The modulator achieved a low insertion loss of about 1.13
dB [Fig. 3(b)], which is obtained by subtracting the transmission of the MZI device from the
reference waveguide device. The insertion loss comes from the MMIs and the doped waveguide
(~19.5 dB/cm, measured from ring resonators), and it could be further reduced by improving
the fabrication process in the future. When applying the driving voltage on a 100-um-long
p-doped heater, the current in the junction and the transmittance at 2005 nm were measured
simultaneously, as shown in Fig. 3(c). As the applied voltage increases, the peaks of the TO
modulator show a red shift [Fig. 3(b)] due to the phase shift induced by the refractive index
change in one of the MZI arms. The modulator realized an on-off ratio of 17 dB. As Fig. 3(d)
shows, the energy efficiency 1 of the modulator was calculated to be 0.17 nm/mW, and the free
spectral range (FSR) of the MZI was about 8.5 nm. Therefore, the st-shift power consumption Py
(P =FSR/2/n) was calculated to be 25.21 mW as depicted in Fig. 3(d).

The dynamic response of the modulator was also characterized. As shown in Fig. 4, by
applying a square-wave driven signal with an amplitude of 5.2 V, a frequency of 40 kHz and
a duty cycle of 50%, the MZI TO modulator achieved a 10%-90% rise time of 3.49 us and
a 90%-10% fall time of 3.46 us at the wavelength of 2023 nm, which is the fastest 2-um TO
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Fig. 3. (a) The structure of the MZI-based TO modulator. (b) Normalized transmission
spectra of the modulator under varying applied voltages. (c) Measured Current-Voltage
(I-V, light-blue) and Transmission-Power (O-P, red) curves of the p4+-p-p++ junction in
the modulator. (d) The wavelength shift of the interference dip of the modulator with the
heating power.

modulator ever reported (Table 1). Thus, the FOM of the modulator is calculated to be 0.011
mW ™ lus™!

4.2. MRR-based modulators

To further minimize the device footprint and power consumption, we embedded the p-doped heater
into the micro-ring resonator with a radius of 40 pm. A microscope image of the MRR-based TO
modulator is shown in Fig. 5(a). The resonance wavelengths of measured transmission spectra
red shifted as shown in Fig. 5(b). The length of p-doped waveguide is 50 um, and the measured
IV curve is shown in Fig. 5(c), manifesting similar characteristics of the junctions. The energy
efficiency of the modulator was calculated to be 0.1 nm/mW [Fig. 5(d)]. Benefiting from the
enhanced light trapping inside the ring resonator, the O-P curve of the modulator in Fig. 5(c)
possesses a sharper dip than that of the MZI-based modulator. The modulator claims a P, of
3.33 mW, where P of a cavity-type modulator is defined as the power consumption to detune
the resonator by a phase shift with a product of  and full width at half maximum (FWHM, 0.11
nm for our device at 0 V) of the resonance peak (P, =FWHM?*n/n) [23]. To the best of our
knowledge, the power consumption is among the lowest values in on-chip 2 pm TO modulators
up to date, which mainly benefits from the enhancement of the optical field in the active area in
the MRR with a quality factor of 1.8 x 10%.

As demonstrated in Fig. 6, the modulation waveform is fitted. The 10%-90% rise and 90%-10%
fall time of the modulator are 3.65 us and 3.70 us, respectively, via applying a 1.7 V square-wave
driven signal with a frequency of 40 kHz and a duty cycle of 0.5. The modulator realized a FOM
record as high as 0.081 mW~'us~!.
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Fig. 4. Time response of the MZI-based 2-um-waveband TO modulator.

4.3. Discussion

We summarize the performance of silicon TO modulators with p-doped heaters in this work
and previously reported 1.55-um- and 2-pum-waveband TO modulators or switches, as shown
in Table 1. The MZI-based TO modulator in this work demonstrated a FOM much higher
than that of MZI-based TO switches with TiN metallic heaters [24,25,29]. Our MZI-based
TO switch indicates a faster rise time since the designed p..-p-p.+-type heater directly heats

Table 1. Performance of Some Reported Silicon TO Modulation Devices

Device Wavelength Energy Rise/Fall Power Py FOM Year
(nm) Efficiency time T (us) (mW) (mWlus™!)  (Ref.)
(nm/mW)
MZI switch with doped 1550 N/A 5.3/- 12.7 0.015 2013 [30]
silicon heater
MZI modulator with 1550 0.25 2.69/- 24.8 0.015 2014 [27]
doped silicon heater
MZI switch with 1550 N/A 2.16/2.08 28 0.016 2019 [31]
doped-silicon heater
Add-drop MRR switch 1980 0.17 N/A N/A N/A 2018 [24]
with TiN heater
MZI switch with TiN 2000 N/A 15/15 32.3 0.002 2019 [25]
heater
Dual-mode switch with 2000 N/A 9.2/13.2 19.2 0.004 2021 [29]
TiN heater
MZI with p-doped silicon 2023 0.17 3.49/3.46 25.21 0.011 2021 this
heater work
MRR with p-doped silicon 2024 0.1 3.65/3.70 3.33 0.081 2021 this
heater

work
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Fig. 6. Time response of the MRR-based TO modulator.

the Si waveguide instead of utilizing the heat conducted from silica spacer with low thermal
conductivity. Meanwhile, the p-doped-heater-embedded MRR-based TO modulator in this work
realized not only a fast TO rise time of 3.65 us, but also very low power consumption of 3.33
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mW. The TO FOM was nearly an order of magnitude higher than our MZI-based TO modulator
and one order of magnitude higher than previously reported TiN-heater-assisted TO switches.

5. Conclusion

We demonstrated MZI-based and MRR-based TO switches operating at 2-um-waveband, where
p-doped silicon structures were adopted as the phase shifters. For the MZI-based TO modulator,
the modulation efficiency was 0.17 nm/mW, corresponding to the m-shift power consumption of
about 25.21 mW. As for the MRR-based one, the modulation efficiency was 0.1 nm/mW while
low Py power consumption of 3.33 mW was achieved because of the resonant enhancement effect.
The dynamic response of our devices was also measured. The 10%-90% rise time/90%-10%
fall time is 3.49 pus/3.46 us in MZI-based TO switch and 3.65 ps/3.70 pus in MRR-based one,
respectively, exhibiting the highest performance of TO devices operating at 2 um so far. Thus, TO
modulators with p-doped silicon heaters, possessing the potential to minimize power consumption
without restricting the response speed, may play an important role in promoting next-generation
low-loss, low-latency optical communication at 2-um-waveband.
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