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ABSTRACT

Interest in quantum computing is rapidly growing in the scien-
tific community as such technology could be the key to enable
intensive use of machine learning and big data algorithms. Quan-
tum computers can be conceived from basic photonic elements,
such as Mach-Zehnder interferometers (MZI), but they still need
control mechanisms and sensing elements from traditional VLSI
technology. In this study, we present an ongoing study on a po-
tential architecture for these basic photonic circuits. We realized
two Photonic Integrated Circuit (PIC) test structures embedding
metallic thermistors as phase shifters and silicon photodiodes as
output detectors. We present a complete characterization of the
phase shifter elements for an effective on-chip PIC interaction. To
induce a consistent phase shift still retaining coherence of light,
we act on the phase-shifters by means of a closed-loop control. By
controlling through Pulse-Width Modulation the phase shifters, we
drive the path of photons accurately in the PIC, demonstrating the
effectiveness of the proposed configuration for the management of
a photonic chip.
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1 INTRODUCTION

October 23rd, 2019: Google reaches quantum supremacy. In 200
seconds, Sycamore, Google’s quantum computer, resolves an algo-
rithm which would have taken Summit, the fastest non-quantum
computer, two days to resolve [1]. Both Google and IBM try re-
spectively to consolidate and to demolish the announced quantum
supremacy and, as yet, many scientists do not consider quantum
supremacy as ‘reached”. However, following the comparison made
by computer scientists, "the first airplane flew for no more than 12
seconds, still since then man has started flying" [2]. Without a doubt,
that test of computational strength was a great show of how fast
and significant quantum computing is becoming, and, among sev-
eral possible solutions, quantum photonics is the most promising
to have quantum computers replacing conventional machines on
our desktops.

Quantum photonics relies on quantum states of photons, the
unitary particles of light, to implement the two basic properties
of quantum computing: superposition and entanglement. Superpo-
sition is reached when, in the quantum scale, two or more states
co-exist, while entanglement implies that when two unitary parti-
cles are created after a specific event in time, they cannot change
their properties independently: no matter how far away they are, as
soon as one of them changes, the second particle instantly experi-
ences that change. In a photonic circuit, the path of light is modified
by exploiting the thermo-optic properties of the material used as
a waveguide, and this change is usually induced with heaters or
electro-optic effect. The effect of the heaters is to change the speed
of light within the material, thus allowing to change the phase
of the photons travelling in the heated waveguide. The control of
phase, together with beam-spliting elements, allow for the realiza-
tion of any unitary transformation of arbitrary states. The output
light is then caught with single-photon avalanche diodes (SPADs),
which generate an electric signal proportional to the intensity of
the incident light.

The effectiveness of quantum photonics in realizing quantum
computers has been proved by several works, where different prin-
ciples and main components were characterized. Annoni et al. [3]
inspected a photonic switch that used a common basic building
block, namely the MZI, for photonic circuits. They realized a matrix
of MZIs and automatically routed these elements between consecu-
tive stages, allowing simultaneous acquisition of a high amount of
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parallel data. Zhu et al. [4] exhaustively investigated phase-shifters
used in quantum photonic circuits and demonstrated state-of-the-
art performance for thermo-optic phase shifters applied to MZIs
by using Aluminum Nitride (AIN) between the heaters and the
waveguide. In [5], Gentile et al. combined previous knowledge on
MZIs to build and test a Bayesian phase estimator, proving how
robust these basic blocks are in conjunction with these estimators
against most of the common noise sources. Still, in none of these
works, the authors characterized thermistors and photodiodes as
fundamental elements of a PIC circuitry.

In fact, although many examples of quantum photonic circuits
exist (mainly enclosed in the architectures shown in [3], [4] and
[5]), little work has been done to fully characterize and inspect,
for example, the readout circuit of such chips, thus not allowing a
precise output measurement.

In this work, we fill this gap providing a comprehensive char-
acterization of the interfaces between PIC and standard VLSI, and
proposing resistive Titanium-Titanium Nitride (Ti-TiN) thermistors,
a possible solution for implementing phase shifters in a Photonic
Integrated Chip (PIC) made by basic photonic elements such as
MZIs. This work is organized as follows: in Section 2 we present
a brief overview on quantum photonic chips. Section 3 illustrates
our architecture. In Section 4 we discuss our results, focusing on
resistive thermistors. Finally, in Section 5 conclusions are drawn.

2 OVERVIEW

The possibility to fabricate quantum circuits in a CMOS-like process
and the fact that Silicon Nitride (SiN) waveguides can be used within
this platform, have established a state-of-the-art for SiN photonic
chips [6]. Moreover, the capability of combining monolithically
different building blocks in the fabrication process paved the way
for developing complex functions on a quantum chip. A building
block of particular interest is the Mach-Zehnder interferometer.
In its most common configuration, a single MZI is composed of
two beam splitters and two phase shifters deployed on two arms.
Firstly, a beam splitter divides the two input beams (In A and In B in
Figure 1) following a 50-50 power split (for an ideal beam splitter).
Secondly, each phase shifter induces a phase delay in the path of
light, thus modifying the incoming light in each path. Finally, after
passing through a second beam splitter, the two light beams exit
(Out A and Out B in Figure 1). As designed in our architecture,
the MZIs will have three basic functions depending on the amount
of light transferred between each arm: 50/50 beam splitter, full
transfer or no transfer of incoming light. The induced phase shift
will be produced by exploiting the thermo-optic effect on the SiN
waveguides and the thermal gradient will be controlled by the
aforementioned Ti-TiN thermistors.

3 THE ARCHITECTURE

The two integrated test structures (one embedding thermistors as
phase shifters and one with silicon photodiodes as output detec-
tors) were fabricated in the cleanroom facility of Fondazione Bruno
Kessler (FBK). Two test PICs were fabricated and composed of Sili-
con Oxynitride SiON and non-stoichiometric SiN waveguides. One
of the PICs included (Ti-TiN) thermistors as both heat-actuators
and temperature-sensors for the phase shifters, while the other
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Figure 1: (top) schematics of Mach-Zehnder blocks and (bot-
tom) main mode of operation of our directional coupler
beam splitters. The induced phase shift ¢ and split k will
be produced by Ti-TiN thermistors due to the thermo-optic
effect.

one featured fully integrated silicon photodiodes meant to be used
as output detectors. The material platform for the PIC-detector
integrated circuits consists of silicon wafers with an epitaxial layer
for the detectors. The detectors are realized by ion implantation
and covered with a thick layer of TEOS glass to separate the PIC
from the substrate. The PIC is realized in LPCVD and PECVD sili-
con nitride and oxynitride, respectively. The photonic layer is then
covered again with a protective silicon oxyde to separate from the
metal. The metal is realized with a combination of Ti, TiN and Al
materials for the resistors, the contacts with the diode and the pads
for wire-bonding. By combining beam splitters with phase shifters,
up to 10 MZIs need to be controlled with a total of 20 degrees of
freedom, each controlled by a thermistor. To control thermistors,
we will use a feedback loop algorithm, using the thermistors also
as temperature sensors to better quantify the thermal field induced
in the chip. We look forward to efficiently control the induced light
change in the chip through Pulse-Width Modulation supply of the
thermistors. An electronic control board is designed to fully moni-
tor and control the PIC, with the capability to detect the thermistor
maximum borne power and to measure the photodiode response to
the photovoltaic excitation. In the following section, the characteri-
zation of the designed metallic thermistors, including the maximum
borne power, are discussed.

4 RESULTS

We made electrical measurements of all integrated thermistors
embedded in the PIC at a manual probe station at FBK. The probe
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Figure 2: A sketch of the future PIC prototype. Through SiN
waveguides we will guide an 850 nm laser beam and, by com-
bining beam splitters and phase shifters, control 10 Mach-
Zehnder Interferometers to induce phase shifts. The output
will be measured through an array of 6 silicon Single Photon
Avalanche Detectors (SPADs). To fully monitor and control
the PIC, an electronic control board will be designed, meet-
ing the thermistor maximum borne power and the photodi-
ode responde to the photovoltaic excitation.

station is equipped with a 200mm 4x PH150 Karl-Suss PM8 Manual
Probe Station which ensured high stability and reliability of the
measurement. Moreover, a LABVIEW interface was developed to
collect the data. All the data were collected changing the potential
incrementally from 0 to 15 V. We produced I-V characterization
curves for all the thermistors and computed the power consumption
per unit length over potential and resistance values over dissipated
power (Fig. 3). As shown in Fig. 4, we detected the maximum borne
power density at 380 W /m, that is the highest power density that
the smallest thermistor (namely the CPL2BA, with a length of
156 um) can withstand before the breakage. This was reached at a
potential of 12.4 V. Regarding the resistance values, it can be noticed
from Fig. 5 that all the ramp slopes are nearly identical, which is
implied by having fixed cross-sections and same technology for
dR

all thermistors. In fact, because the slope represents the 75 ratio,
assuming a linear thermo-static model, this ratio corresponds to
the Z—? ratio, meaning that an increase in power induces a linear
increase in temperature. The same slope among all thermistors,
which is 11000 Q/W, shows that the breakage load is the same for
all thermistors having the same technology and cross-section. For
the photodetectors (a close up on the first batch is presented in
Fig. 6) one of the main parameters we will consider is the diode
response to the photovoltaic excitation. As our involved power will
be at the yW level, a response in the order of yA is expected. All
the presented measurements are shown in plots below, as well as
the thermistor lengths reported in table 1.

5 CONCLUSIONS

In this work, we studied and test control interfaces for PIC to C-MOS
technology, to characterize the devices that will be used to fabricate
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Figure 3: I-V characterization curves for thermistors. The
blue line corresponds to the smallest thermistor, namely
CPL2BA, which we pushed to breakage to estimate the maxi-
mum power per unit length obtainable (see next figure). The
other lines correspond to longer resistances as described in
Table 1
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Figure 4: Power consumption per unit length for thermis-
tors. We detected the breakage power density at about 380
W /m, that is the ratio between the dissipated power and
the unit length immediately before component breakage
occurred for the test resistance CPL2BA, with a length of
156um.

prototypes of complex Photonic Integrated Circuits. Results showed
that we were able to produce successfully and characterize resistive
Ti-TiN thermistors as phase shifters for non-stoichiometric SION
optical waveguides. This set of experiments allowed us to identify
the maximum borne power density for the thermistors realized
with our microfabrication technology. The knowledge of this value
is critical for the future design of an electronic circuit to control
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Figure 5: Resistance Values for thermistors. It is worth notic-
ing that the slopes for each ramp is the same among all ther-
mistors. That is because the slope represents the dR ratio,

dP
which, in a linear thermo-static model, is proportional to
dR

47 meaning that an increase in power induces a linear in-
crease in temperature. The same slope among all thermis-
tors, which is 11000 Q/W thus shows that the breakage load
is the same among all thermistors having the same technol-
ogy and cross-section.
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Figure 6: A close up on the designed photodetectors. (left)
The CAD mask, (right) an optical micrograph of the fabri-
cated device.

the PIC. Moreover, we validated the independence of the breakage
load from the length. Future work will involve the full assessment
of the photodiodes for a complete requirement definition of the
electronic control scheme. In addition, we will design and test a
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Table 1: Thermistor lengths

Thermistor | Length [um]
CPL2BA 156
CPL2CA 230
CPL2DA 305
CPL2EA 379
CPL2FA 454
CPL2GA 529
CPL2HA 603
CPL2IA 678

control system with feedback solutions, looking at both linear optic

and quantum regimes. Future challenges will be the design and
synchronization of the multichannel acquisition and reaching low
latency in the response of the entire system.
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