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Abstract We proposed a crossbar wiring scheme for voltage-driven III-V/Si MOS optical phase shifters 
with diode selectors. We experimentally demonstrated the pulse-amplitude control and verified the 
selection functionality. The power consumption of crossbar wiring scheme was 700 times lower than 
that for thermo-optic phase shifters. ©2022 The Author(s) 

Introduction 
Analog photonic information processing based 
on large-scale silicon (Si) photonic integrated 
circuits (PICs) thrives in multiple novel 
computational paradigms such as artificial 
intelligence [1], quantum computing [2], and 
quantum simulation [3]. The scaling up of 
photonic integrated circuits leads to a drastic 
increment in the number of optical phase shifters 
required for reconfiguration of a Si PICs and the 
contact wires. A crossbar wiring scheme to 
reduce the contact number is indispensable as a 
practical solution. One potential solution is pulse 
control of thermo-optic (TO) phase shifter based 
on PN diode heater [4–6]. However, TO phase 
shifters have poor power efficiency, which is 
implausible for large-scale PICs. We have 
proposed to use a III-V/Si metal-oxide-
semiconductor (MOS) phase shifter instead of 
TO phase shifters for better power efficiency [7,8]. 
However, a crossbar wiring scheme for III-V/Si 
MOS phase shifters has been demonstrated yet. 

In this paper, we propose a crossbar wiring 
scheme with diode selectors for voltage-driven 
III-V/Si MOS phase shifters. We demonstrated 
the pulse-amplitude control of the MOS optical 
phase shifter with a diode selector circuit. We 
also verified the selection functionality of the 
proposed crossbar wiring scheme using two 
phase shifters in an asymmetric Mach–Zehnder 
interferometer (MZI) as a proof-of-concept. The 
power consumption of crossbar wiring with the III-
V/Si MOS phase shifters was 700 times lower 
than that with TO phase shifters.  

Operating principle 
Figure 1(a) shows the cross-section of a III-V/Si 
MOS phase shifter. The optical mode is confined 
in the hybrid waveguide formed by n-type 
InGaAsP and p-type Si. Electron accumulation at 

the InGaAsP MOS interface by applying a gate 
voltage modulates the optical phase efficiently. 
Thus, the MOS phase shifter can be represented 
as a polarized capacitor in a circuit schematic. 

Fig. 1(b) shows the electrical circuit schematic, 
enabling the crossbar wiring scheme for the III-
V/Si MOS phase shifters. During the operation of 
charging in the first row, the “word lines” of other 
rows are disconnected to ground. Thus, only the 
capacitors in the first row can be charged by the 
pulses in each “bit line” while other rows are 
isolated. Similarly, other rows be charged solely 
by connecting the corresponding “word lines”. 
The resistor inserted parallelly to each capacitor 
is used to control the charge dissipation time of 
the MOS capacitor, which also affects the power 
dissipation through the discharge of the MOS 

 
Fig. 1: (a) Cross-section schematic of III-V/Si MOS optical 

phase shifter. (b) Circuit schematic of crossbar wiring 
scheme with PN diode selectors for MOS phase shifters.  
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capacitor.  
To evaluate the power consumption of the 

charge dissipation through the RC circuit, we 
consider the pulse control case. This means the 
frequency of the input pulse is much faster than 
the charge dissipation speed in the RC 
component, and the voltage of the capacitor is 
almost constant. The leakage in the MOS phase 
shifter is small and the power consumption is also 
ignorable (< 1 nW [9]). Thus, the power 
consumption of the parallel resistor is the 
dominant part. Figure 2(a) shows the power 
consumption with different resistance values 
under different voltages on the MOS capacitor. 
Although the higher resistance leads to lower 
power consumption, the higher resistance results 
in the slower charge dissipation time. To achieve 
the balance between the power consumption and 
operation speed, we chose 1 MΩ resistor in the 
later experiments. It is expected to achieve 500 
times smaller power consumption compared with 
TO phase shifters even with 7V bias.  

The resistance value also affects the RC 
constant for the dissipation state, which is related 
to refreshing speed in pulsed control. Thus, there 
is a trade-off between power consumption and 
refreshing speed. Fig. 2(b) shows the maximum 
pulse interval as a function of the capacitance of 
the MOS capacitor. With 1 MΩ resistor and the 
III-V/Si MOS phase shifter (< 1 pF), the pulse 
interval can be below 0.1 µs, which is much 
smaller than TO phase shifter (2 µs [4]), 
indicating a faster refreshing speed. 

Device fabrication 
To demonstrate the crossbar wiring scheme with 
the III-V/Si MOS phase shifters, an asymmetric 
MZI modulator was fabricated. Figure 3(a) shows 

the fabrication procedure. Firstly, we started from 
a 220-nm Si-on-insulator (SOI) wafer. After ion 
implantation, the Si waveguide was defined by 
lithography and reactive-ion etching (RIE). A SiO2 
layer was deposited on the surface by 
tetraethoxysilane (TEOS) based plasma-
enhanced chemical vapor deposition (PECVD). 
Followed by the chemical mechanical polishing 
(CMP), a 200-nm-thick n-In0.97Ga0.21As0.46P0.54 
layer grown on an InP substrate was bonded 
upon the Si waveguide with a 20-nm-thick Al2O3 
bonding interface deposited by atomic layer 
deposition (ALD). After bonding, the InP 
substrate and buffer layers were removed by 
chemical etching. Then, the mesa for the 
InGaAsP layer was defined by lithography and 
RIE. Finally, a SiO2 cladding was deposited by 
PECVD and metal pad (Ni/Au) was formed by lift-
off process. Figure 3(b) shows the plan-view 
scanning electron microscopy (SEM) image of 
the fabricated asymmetric MZI modulator. 

Experimental results 
Figure 4(a) shows the circuit for demonstration of 
the pulse-amplitude control with the III-V/Si MOS 
optical phase shifter. We added a 1-µF parallel 
capacitor to tune the RC constant due to the 
limited speed of the waveform generator. A 
square-wave voltage pulse with a frequency of 
500 kHz and a duty ratio of 30% was input, and 
Fig. 4(b) shows the waveform of the input pulses 
with an amplitude of 4 V (Vin) and the voltage at 
the optical phase shifter (Vout). Clearly, we 
obtained the constant voltage output for the MOS 
phase shifter with the pulse input. Note that the 
ringing at the pulse edges was due to a parasitic 
reactance in the circuit and can be removed by 
the circuit optimization. With the pulse input, the 
phase shift was measured as shown in Fig. 4(c). 

 
Fig. 3: (a) Process flow for fabricating III-V/Si hybrid MOS 

optical phase shifters. (b) Plan-view SEM image of the 
fabricated asymmetric MZI modulator. 
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Fig. 2: (a) Power consumption of parallel resistors under 
different biases. (b) Maximum pulse interval for different 

MOS capacitance values with 1 MΩ resistor. 
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The optical phase shift increased linearly with the 
pulse amplitude up to 2 V, with a modulation 
efficiency of 0.175p/V. The measured phase shift 
reached 0.48p with 4V amplitude, which can be 
further improved by using thinner gate oxide for 
the MOS phase shifter. Note that the saturation 
in the phase shift with amplitude over 2 V is due 
to leakage in the MOS capacitor. 

Next, the selection functionality of the 
crossbar wiring scheme is verified using two 
MOS phase shifters in the asymmetric MZI 
modulator as shown in Fig. 4(d). Since the 
electrode for the Si slab was shared between two 
phase shifters, we flipped the direction of the 
diode for the phase shifter at the upper arm and 
used polarized voltage input to achieve the 
selection function. When the input voltage is 
positive, the lower row is connected while upper 
row is isolated, and vice versa. Figure 4(e) shows 
the measured spectra with biases from −4 V to 
+4 V. The measured phase shift is shown in Fig. 
4(f). A linear phase shift is achieved regardless of 
the voltage polarity and successfully verified the 
selection function of the crossbar wiring scheme. 

Finally, Figure 5 shows the benchmark of 
power consumption versus phase shift between 
the III-V/Si MOS phase shifter and TO phase 
shifter in crossbar wiring schemes. The solid and 
dotted lines show the numerical analyses, and 
square dots are experimental results. The 
experimental result shows the III-V/Si hybrid 
MOS phase shifter exhibits 700 times lower 
power consumption than the TO phase shifter 
reported in [4]. By further reducing the equivalent 
oxide thickness (EOT) of the MOS capacitor, a 

much lower power consumption of 25000 times 
smaller can be achieved with much lower driving 
voltage.  

Conclusions 
We proposed a crossbar wiring scheme with 
diode selectors for voltage-driven III-V/Si hybrid 
MOS optical phase shifters. We demonstrate the 
pulse-amplitude control of the MOS optical phase 
shifter with a diode selector and verified the 
selection function. Our experimental result shows 
700 times lower power consumption than the TO 
phase shifters for crossbar wiring. This crossbar 
wiring configuration is expected to be a practical 
solution for reducing the number of the electrical 
contacts for phase shifters in large-scale 
programmable PICs. 
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Fig. 5: Benchmark of power consumption between the 

hybrid MOS optical phase shifter and TO phase shifter in 
crossbar wiring scheme. 
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Fig. 4: (a) Equivalent circuit for the demonstration of pulse amplitude control with III-V/Si MOS optical phase shifter. The CMOS 
represents one phase shifter on one arm of the asymmetric MZI modulator. (b) Input voltage waveform and measured output 

voltage waveform of the MOS optical phase shifter. (c). Measured phase shift with different pulse amplitudes. (d) Schematic of 
crossbar wiring with two phase shifters in asymmetric MZI modulator. (e) Measured spectra with different input voltages. (f) 

Measured phase shift with different input voltages. 
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