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Abstract

The foreseen upgrades for the Large Hadron Collider (LHC) and the CERN Experiments
increase the radiation tolerance requirements for the optical readout of the detectors. The
High Luminosity upgrade of the LHC is set to improve integrated luminosity by tenfold
compared to the original LHC design in the upcoming years. As a result, the number
of particle collisions during a given period of time will considerably increase, leading to
a significant increase in generated data. High-speed optical data transmission is used to
transfer the data produced by the particle detectors to the data collection point.

This work analyses the impact of neutron radiation on Silicon Photonics, which is a
candidate technology for next generation of radiation tolerant transceivers for High Energy
Physics (HEP) applications. The EP-ESE-BE Section at CERN is conducting an R&D
project to develop radiation-resistant Photonic Integrated Circuits (PICs) to be used in the
harsh environment of the LHC detector. The photonic integrated circuits engineered by
our research team underwent extensive testing at unprecedented levels of neutron fluence.
A maximum neutron fluence of 3.8·1016 cm-2 was achieved, and the experimental results
show small performance degradation after high neutron fluence irradiation. Several compo-
nents were electro-optically measured during neutron irradiation, such as Ring Modulators,
Mach-Zehnder Modulators, and silicon-germanium Photo-Detectors. Further analysis of
the effects induced by neutron irradiation on the photonic integrated circuits was con-
ducted through TCAD simulations, which yielded good agreement with the experimental
results.
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Chapter 1

Introduction

1.1 CERN: the Large Hadron Collider
CERN, the European Organization for Nuclear Research, is the world’s largest laboratory
for High-Energy Physics (HEP) research. The mission of CERN is to deepen our under-
standing of the Universe and the laws that govern it, leading a collaboration between 23
Member States and sharing scientific knowledge with many countries around the world.

The Large Hadron Collider (LHC) is the world’s largest and most powerful circular
particle accelerator, with a circumference of 27 km, located on the border between France
and Switzerland, near the city of Genève [2]. Two high-energy particle beams are in-
jected in the LHC starting from the accelerator complex (Figure 1.1) and accelerated by
radiofrequency cavities. The particle beams are guided around the ring by strong mag-
netic fields maintained by superconducting electromagnets. The beams travel in opposite
directions, reaching near-light speed before colliding. The extremely high-energy densities
and temperatures reached in the LHC collisions are similar to those that reigned in the
early moments of the creation of our Universe, allowing exploration up to 10-12 seconds
after the Big Bang. At present, the collision energy of the proton beams reaches 13 TeV.
The energy released by the collision is converted into matter in the form of new particles,
which are identified and tracked by CERN’s detectors. These are located in four different
sites within the LHC, corresponding to the four main CERN experiments: ATLAS, CMS,
ALICE and LHCb. The collision rate is very high, with a bunch spacing between two
particle beams of 25 ns. The luminosity is a measure of the number of potential collisions
per surface unit over a given period of time, and the actual LHC accelerator is designed
for the proton beams luminosity of 1034 cm-2s-1. Consequently, the integrated luminosity,
which corresponds to the number of collisions that can occur in a certain time period,
expected to be reached in 2025 is of 450 fb-1, where 1 fb-1 equates to 100 million million
collisions [3].

In the next years, the High-Luminosity upgrade of LHC (HL-LHC) is targeted to in-
crease peak luminosity by five times with respect to nominal designs, with a maximum
projected integrated luminosity of 4000 fb-1, planned for the years from 2029 to 2040. This
will require a major upgrade of all the technologies involved in the LHC [8].

CERN is committed to developing cutting-edge scientific research that will benefit not
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1 – Introduction

only the HEP experiments but also many other fields ranging from healthcare to commu-
nication technologies.

Figure 1.1: The CERN accelerator complex [2].

1.2 High-Speed Links for HEP
Among the many challenges faced by CERN’s experiments is the one involving data trans-
mission. The data generated after particle collisions are extremely high, reaching one
petabyte of collision data per second [1]. The data collected by the detectors in the Front-
End (FE) must be reliably transmitted to the Back-End (BE), where all the data post-
processing and analysis can take place in a radiation-free environment. The technological
challenges behind this process are evident, and linking the FE to the BE requires equipment
capable of withstanding harsh environments while also providing high-speed operational
bandwidth. Optical data transmission is widely preferred in areas where data generation
is extremely high, such as in the LHC experiments.

The data generated by the FE sensors go through a first electronic read-out, are then
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1 – Introduction

electro-optically converted and sent to the BE via optical fibres. The Versatile Link (VL)
project aimed to develop a bidirectional optical link between FE and BE in LHC experi-
ments, with low-mass and low-volume components capable of withstanding high radiation
levels and providing transmission rates up to 5 Gb/s [4]. Optical transceivers were devel-
oped and successfully installed in all four main experiments for the LHC’s Phase I upgrade,
but they will not be able to cope with the data volume and tolerance levels expected in
Phase II. Therefore, the project evolved into Versatile Link PLUS (VL+), shown in Fig-
ure 1.2b, where the optical transceivers are designed and optimised for the HL-LHC era,
providing a transmission rate of 10 Gb/s per fibre [5].

(a) VTRx+ (Credits: CERN). (b) Versatile Link PLUS system.

Figure 1.2: (a) Optical transceiver VTRx+, (b) VL+ system for HL-LHC upgrade [50].

The EP-ESE-BE (Experimental Physics - Electronic Systems for the Experiments -
Back End) Section at CERN is working on radiation-hard devices that can operate in
the harsh environment of the LHC detectors. The new version of the transceiver VTRx+

(Figure 1.2a) is being developed and tested, and these components have been qualified
for 1 MGy of total ionising dose, 1·1015 neutrons/cm2 and 1·1015 hadrons/cm2 fluence [6].
Despite the ability of these modules to withstand such high levels of radiation, the planned
upgrades for the final runs of HL-HLC are expected to reach a total ionising dose of 12
MGy(Si) and 1 MeV neutron equivalent fluence of 2.3·1016 neq/cm2. It is therefore expected
that the current project can be implemented over the next decade of LHC operation, but
further research will be needed to ensure high-speed links for future HEP experiments.

1.3 Silicon Photonics for High-Speed Links in HEP
The great advantage of Photonic Integrated Circuits (PICs) is the ability to achieve high-
speed data transmission, large bandwidth, and low power consumption compared to those
of discrete optoelectronic circuits. In particular, Silicon Photonics (SiPh) is a promising
technological platform that has garnered significant interest due to its wide range of applica-
tions, from high-speed data transmission networks [44] to quantum computing, sensing and
communication [9, 37], biomedical imaging and diagnostic [32, 52], avionics and aerospace
[15], and High-Energy Physics [38, 41, 35, 28]. The ability to fabricate PICs on Silicon-
On-Insulator (SOI) wafers has allowed the rapid development of SiPh chips over the past
decade, in particular due to the compatibility of SiPh with standard CMOS technology
processes.

3



1 – Introduction

Figure 1.3: Schematic architecture of future high-speed links based on SiPh integrated
circuits for HEP applications [41].

As part of CERN EP R&D program [7], SiPh is being investigated for future high-speed
links for CERN experiments. Figure 1.3 shows the architecture of a proposed concept for
the SiPh based data link. The SiPh PIC is located in the harsh environment of the FE,
close to the particle sensor within the LHC detectors, while the most sensitive optical
equipment (e.g. LASER source) or commercial electronics (e.g. FPGAs) are kept in the
radiation-free area of the BE.

The particle sensor generates data after particle detection, which is condensed into a
multi-Gb/s data stream by an electronic aggregator. The electrical signals are then applied
to the SiPh PIC where the electro-optical conversion takes place thanks to a Wavelength-
Division Multiplexing (WDM) circuit consisting of a cascade of four Ring Modulators
(RMs) in the same waveguide. Long single-mode optical fibres (≫100 m) are then used
to transmit the optical signal to the BE zone, where commercial electronics is used for
data analysis. The transmission of optical control signals from the BE to the FE reaches
the PIC receiver (Rx) based on a Si-Ge Photo-Detectors (PD), which can opto-electrically
convert the incoming signal to the FE electronics. The configuration of these links for HEP
is asymmetric, because the data rate coming from the particle detector is greater than the
transmission signal rate that has to be transmitted to the FE.

The aim of this R&D is to investigate the tolerance of SiPh PICs in a harsh environment
and their suitability in high-speed links for HEP applications.

4



1 – Introduction

1.4 Silicon Photonics: PICv2
The work reported in this thesis analyses the radiation tolerance of a SiPh PIC developed at
CERN. In particular, the PIC was exposed for the first time to the highest level of neutron
fluence ever reached, up to 3.8·1016 neutrons/cm2, and a characterisation of the response
of different devices within the chip was obtained. In parallel, a model was developed on
the Synopsys® SentaurusTM TCAD software to simulate the macroscopic effects induced
by neutron damage, which agreed well with the experimental results. The PIC under test
is the second version of this generation of PICs designed at CERN and manufactured by a
commercial foundry as a part of a multi-project wafer run.

Figure 1.4: PICv2, SiPh PIC designed by CERN. Footprint: 5 mm x 5 mm.

The PICv2 comprises several photonic devices with different characteristics, the aim of
which was to evaluate the devices that guarantee the best performance under irradiation.
Based on previous irradiation experiments, only a subset of the devices was analysed in
this study. In particular, greater attention was given on Ring Modulator 0 (RM 0), which
is the reference design and will also be used for the next generation of PICs. The PIC
includes several devices such as Ring Modulators, Mach-Zehnder Modulators (MZMs) and
silicon-germanium Photo-Detectors (PDs). The following subsections provide a theoretical
introduction to these devices, with a particular focus on the physics behind RMs, as they
will be extensively analysed both in the irradiation test and with simulation, while a shorter
and qualitative introduction is provided for MZMs and PDs.

1.4.1 Ring Modulator
The ring resonator basic structure consists of a looped optical waveguide that is coupled
with an access device for light transport, usually a standard straight waveguide. The

5



1 – Introduction

light entering the ring goes into resonance, i.e. the waves interfere constructively with
themselves when the round trip phase shift equals an integer times 2π [14]. This generates
a specific pattern in the transmission spectrum, where the optical power shows several dips
at specific wavelengths that correspond to the ring resonance.

The two main configurations for a ring resonator are all-pass and add-drop, shown in
Figure 1.5.
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Figure 1.5: (a) All-pass and (b) add-drop configurations of the ring resonator, with the
coefficients for the evanescent and transmitted electromagnetic fields.

The ratio of the through and incident optical field amplitudes can be found by assuming
a continuous wave (CW) incident light and neglecting the back reflections into the bus
waveguide. By considering directional couplers with transmission t and t* (or self-coupling)
and coupling −jk and −jk* for the evanescent fields (or cross-coupling), we can write:

Ethrough

Ein
= t − eγ

1 − t∗eγ
, γ = −αL − jβL (1.1)
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for the all-pass configuration. In (1.1), β is the propagation constant of the circulating
mode, while α is the power attenuation coefficient (cm-1). L is the round trip length. If
no losses are assumed in the coupling sections, the power splitting ratio of the couplers |t|2
and |k|2 must satisfy: |t|2 + |k|2 = 1. By looking at (1.1), the modulus of the numerator
is zero with periodicity equal to the Free Spectral Range (FSR), while the modulus of the
denominator is zero when: e−αL = 1/|t|. Since |t| < 1, in order to obtain zero field at the
through port, it should be e−αL > 1, which is impossible if we consider passive materials,
as silicon, where power attenuation constant α is greater than zero. If the ring is coupled
to another waveguide that can add another input field, the output fields at the two ports
for the add-drop configuration can be found as:

Ethrough = Ein
t1 − t∗

2eγ

1 − t∗
1t∗

2eγ
− Eadd

k∗
1k2eγ/2

1 − t∗
1t∗

2eγ
(1.2)

Edrop = Eadd
t2 − t∗

1eγ

1 − t∗
1t∗

2eγ
− Ein

k∗
1k2eγ/2

1 − t∗
1t∗

2eγ
(1.3)

The resonance wavelength can be related to the effective refractive index neff according
to the following equation:

λres = neffL

m
, m = 1,2,3, ... (1.4)

where m is the order of the resonant mode. An example of the resonance peak of the ring
resonator is shown in Figure 1.6.
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Figure 1.6: Spectrum of the resonance peak of the ring resonator.
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The resonance peaks are spaced in wavelength and, in a first order approximation of
the dispersion, the spacing depends on the round trip length L and on group index ng and
is known as Free Spectral Range:

FSR = λres
2

ngL
. (1.5)

The FSR is the spacing between two resonance wavelengths (|λres,m+1 − λres,m|) in the
transmission spectrum. The group index is an expression of the propagation velocity for
the envelope of a propagating pulse traveling in a dispersive medium that can be written
as:

ng(λ) = neff(λ) − λ
dneff(λ)

dλ
, (1.6)

where the variation of the effective refractive index with the wavelength (dneff/dλ) accounts
for the material dispersion [19].

The Full-Width at Half-Maximum (FWHM) for an all-pass ring resonator can be ex-
pressed as:

FWHM = (1 − ta)λres
2

πngL
√

ta
, a = e−αL. (1.7)
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Figure 1.7: Example spectrum with some FOMs of the ring resonator.

The key figures of merite (FOMs) that are useful in the characterisation of the confine-
ment strength of the ring are the Quality factor (Q) and the Finesse (F ). The physical
meaning of these relates to the temporal confinement of the fields within the ring, i.e. to
the number of round-trips made by the light before being lost to internal loss and the bus
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1 – Introduction

waveguides. The higher the quality factor, the fewer the losses of the resonator. We can
express the quality factor as:

Q = λres

FWHM
= πngL

√
ta

λres(1 − ta) , (1.8)

and the finesse as:
F = FSR

FWHM = π
√

ta

1 − ta
. (1.9)

The intrinsic Extinction Ratio (ERi) of the ring resonator can be defined as the ratio
of the maximum transmitted power over the minimum power, i.e. can be written as:

ERi| dB = 10 log10

---- P in

P min

---- , (1.10)

where the input power is the one reported in Figure 1.7 and the minimum power corre-
sponds to the power measured at the resonance wavelength of the ring.

The aforementioned FOMs are fundamental for the characterisation of the ring as res-
onator. The employment of the micro-rings for high-speed link applications reported in
Section 1.2 requires the characterisation of the device as an optical modulator. The func-
tionality of the RM relies on the electro-optical modulation achieved in Si thanks to the
plasma dispersion effect [39]. The injection or depletion of carriers in silicon results in a
change in both the real (∆n) and imaginary (∆α) parts of the refractive index. These vari-
ations are referred to as electrorefraction and electroabsorption, respectively. Thanks to
the research conducted by Soref and Bennett [46], which assessed the variation in silicon’s
refractive index for a broad range of carrier densities at telecommunication wavelengths of
1.3 µm and 1.55 µm, we can rely on the subsequent empirical expressions:

∆n = ∆ne + ∆nh = −
è
8.8 · 10−22∆N e + 8.5 · 10−18(∆Nh)0.8

é
, (1.11)

∆α = ∆αe + ∆αh = 8.5 · 10−18∆N e + 6.0 · 10−18∆Nh, (1.12)

for λ0 = 1.55 µm. The terms ∆N e and ∆Nh represent the variation in carrier density (cm-3)
for electrons and holes, respectively. Another option is to modify the refractive index of
silicon with thermo-optical modulation, thanks to the large thermo-optical coefficient of
silicon, which can be expressed as:

dn

dT
= 1.86 · 10−4 K−1. (1.13)

For instance, this mechanism is used to regulate the resonance wavelength of the RMs,
usually by means of tungsten micro-heaters. An example of the resonance wavelength shift
due to the thermo-optic coefficient of Si at different micro-heater powers is shown in Figure
1.8. However, it is not possible to rely on thermo-optical modulation for high-frequency
applications because the thermal variation is slower than the electro-optical one.

The typical structure of a RM consists of a phase shifter, which is a PN junction built
into the ring rib through which light passes, and a tungsten micro-heater on top of the
ring, as shown in the cross-section of Figure 1.9.
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Figure 1.8: Resonance wavelength shift for different micro-heater powers.
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Figure 1.9: Cross-section of the phase shifter of a RM, with the micro-heater on top.

When the phase shifter is biased, the injection or depletion of carriers from the silicon
rib causes a variation in the refractive index due to the plasma dispersion effect, which
consequently changes the resonant wavelength of the RM, as shown in Figure 1.10a.

The parameter that evaluates the strength of this shift is the Modulation Efficiency
(ME) of the RM, and it is a fundamental FOM that characterises the modulation properties
of the ring. The ME is calculated as the variation in the resonance wavelength induced
by a voltage applied to the phase shifter of the ring. The higher the doping, the larger
the ME of the RM for the same voltage applied, but at the same time the optical losses
increase. Therefore, it is important to find the right compromise between ME and optical
losses for the application of the RM.

The last FOM to be discussed is the minimum Transmission Penalty (TP), which gives
an indication of the input power converted to Optical Modulation Amplitude (OMA) by
the RM. The TP can be expressed as:
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Figure 1.10: (a) Variation of the resonance wavelength in the optical spectrum for different
voltages applied to the RM phase shifter, (b) example of NZR standard for a RM, defined
by the LASER wavelength.

TP | dB = 10 log10

---- 2P in

OMA

---- , (1.14)

where Pin is the input power. The higher the TP, the lower the OMA, which is calculated
as:

OMA = P1 − P0, (1.15)

i.e. it expresses the difference between the two power levels related to the two applied
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voltages, which correspond to logic-level high (P1) and logic-level low (P0) in non-return-
to-zero (NZR) digital application of the ring [25], as shown in Figure 1.10b. Examples of
both TP and OMA spectra are reported in Figure 1.11. The left-minimum of the TP is
the FOM which will be analysed in Subsection 2.4.2.
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Figure 1.11: OMA (absolute value) and TP spectra examples for RM 0.

1.4.2 Mach-Zehnder Modulator

A Mach-Zehnder modulator is a device that splits incoming light into two arms and recom-
bines the travelling fields at the end. The light travelling in the two arms can experience
a variation in the optical path due to a variation in the refractive index, which ultimately
causes interference when the light is recombined. A schematic representation of a MZM is
shown in Figure 1.12.

MZMs in SiPh PICs rely on the same phenomenon used to modulate RMs, i.e. the
plasma dispersion effect. Incoming light is split between the two arms of the MZM and
travels within the ribs of each arm, where the PN junction is formed. By applying differ-
ent voltages to the two arms, we are able to change the refractive indices independently,
creating a shift in the optical paths. When the two light beams are recombined at the end
of the device, the accumulated shift produces interference of different types. If the total
phase shift between the two beams is 180°, the light undergoes destructive interference and
no light is seen at the output. The voltage difference required to produce a phase shift of
180° is known as V π [51].

Each arm cross-section is very similar to the RM cross-section shown in Figure 1.9, with
different geometric dimensions and doping concentrations (and without tungsten micro-
heaters). The physical length of the MZM arms is in the millimetre range, as can be seen
from the PICv2 image at the bottom-left of Figure 1.4. This is the main drawback for this
type of device to be implemented for Very Large Scale Integration (VLSI).
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Figure 1.12: Schematic representation of a MZM.

1.4.3 Si-Ge photodetector
Photodetectors are essential components in photonic integrated circuits given their role as
opto-electro converters. In SiPh PICs one of the most promising candidates are waveguide-
integrated germanium-on-silicon p-i-n photodiodes (Ge-on-Si PDs), where Ge is employed
as absorber layer thanks to its strong absorption in the O-band and C-band telecommuni-
cation wavelengths [45].
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Figure 1.13: Cross-section of a VPIN Ge-on-Si PD.

The PDs presented in this work and electrically analysed during the neutron irradiation
test are vertical p-i-n (VPIN) photodetectors, where the intrinsic Ge layer is placed above
the silicon. Fast transient times and high bandwidth (∼ 50 GHz) are the main advantages
of this device architecture [34]. The anode on top of the Ge-absorber generates a strong
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electric field with low applied bias. However, the metal contact on the germanium layer
reduces the responsivity due to light absorption or activates defects at the Si-Ge interface
due to high electric fields [17]. The schematic representation of the VPIN PDs cross-section
within the PICv2, analysed in this work, is shown in Figure 1.13.

This family of devices has already been characterised for PICv2 in previous studies,
during which they have been exposed to high proton and neutron fluences [34] as well as
X-ray radiation [54], [27]. It has been showns that the responsivity of Ge-on-Si photodiodes
is not appreciably affected by Total Ionising Dose (TID). Conversely, displacement damage
is identified as the principal source of degradation. In this work, the results of current-
voltage characteristics for this type of device under very high levels of neutron fluence will
be presented, showing the effects of displacement damage on the macroscopic electro-optical
characteristics.
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Chapter 2

Neutron Irradiation Test

2.1 Purpose
The irradiation test presented in this chapter was conducted to characterise different SiPh
components within the PICs, in order to acquire a good statistics on the device perfor-
mances when irradiated up to a high neutron fluence.

For the first time, we conducted simultaneous testing on various devices with different
neutron fluxes, since the PICs under test were placed at different distances from the neutron
beam. The experiment aimed to establish whether the irradiation response of the devices
was flux dependent. This was also the first use of this experimental setup including a
tunable LASER and an electrically driven polarisation controller (EPC). To obtain accurate
data on the electro-optic response of the devices, fast and reliable data acquisition was
required, and this was the aim of these two instruments.

In Section 2.4, it will be shown that the employed setup facilitated numerous data
acquisitions during irradiation, enabling a clear observation of device responses to neutron
irradiation. During the irradiation test, various devices were kept at different temperatures,
ranging from room temperature (RT) to higher temperatures using RM micro-heaters. The
analysis focused on investigating the possible effects of distinctive temperature conditions
on the device’s responses to neutron irradiation.

2.2 PIC under test
The second version of the SiPh PIC developed at CERN presents many devices with several
characteristics, based on different geometrical designs or doping concentrations. Based on
the results of previous irradiation tests, only the most relevant components were selected
for each chip, by choosing the most radiation-hard devices or those that required further
investigation. In total, 14 devices were measured on each chip: 1 Mach-Zehnder Modulator
(MZM), 8 Ring Modulators (RMs) and 4 Si-Ge Photo-Detectors (PDs). Each device is
classified within the chip with a specific numerical label and a schematic of the location of
the Devices Under Test (DUTs) is reported in Figure 2.1b.

Aluminium electrical pads are connected to the tracks of the printed circuit board
(PCB) by means of gold wire bonding. The aluminium pads are connected to the devices
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2 – Neutron Irradiation Test

via copper metal lines in the Back-End of the Line (BEOL) of the PIC. The wire bonding
of all devices in the external part of the PIC is visible in the left-hand side of Figure 2.1a.
On the left-hand side of Figure 2.1b are also shown the IN/OUT Grating Couplers (GCs)
related to the corresponding waveguide. The single-mode fibres are connected to the PIC
through grating couplers, as shown in Figure 2.1c. The PIC under test is passive, thus the
LASER source is external. Figure 2.1a shows a complete picture of the PCB with the PIC
in the centre.

(a) PIC on the PCB with gold wire bonding. In this picture is missing
the ribbon of single-mode fibres attached through grating couplers.

R
M

 0

R
M

 1

R
M

 2

M
Z

M
1 

A
R

M
1

M
Z

M
1 

A
R

M
2

P
D

 1
R

M
 1

3
P

D
 2

RM 9

RM 10

RM 11

RM 12
PD 3
RM 14
PD 4

Grating 
couplers

5 mm

5 mm

(b) DUTs within the PICv2. (c) Fibre coupling.

Figure 2.1: (a) PIC on the PCB with gold wire bonding, (b) DUTs location within the
PICv2, (c) fibre coupling.

The 14 DUTs selected per each PIC only come from two connectors: ‘SOUTH’ and
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‘NORTH-EAST’. However, not all devices coming from these connectors were actually
tested, thus different routing boards were required to effectively select only the desired
DUTs.

The PIC is manufactured using standard CMOS processes, with electrical access to the
devices, including the RM phase shifter, via copper metal lines in the BEOL of the chip.
Because the ground plane on the PCB is common to all devices within the same PIC,
leakage currents from non-tested devices can interfere with the device being measured.
This phenomenon presents a particular problem when analysing small currents. Section
2.3 explains how this was taken into account in the experimental setup.

The devices that were tested within each PIC are listed in Table 2.1. The DUTs were
tested at different temperature conditions, ranging from RT to higher temperatures. The
RM temperature was set by the tungsten micro-heaters on top of them.

DUTs within a single PIC Temperature range, [℃] RM radius, [µm]
MZM1 ARM1 RT -
MZM1 ARM2 RT -

RM 0 70 - 85 5
RM 1 105 - 125 5
RM 9 RT 5
RM 10 70 - 85 5
RM 11 75 - 85 7.5
RM 12 RT 7.5
RM 13 100 5
RM 14 RT 5
PD 1 RT -
PD 2 RT -
PD 3 RT -
PD 4 RT -

Table 2.1: List of the DUTs within a single PIC. In red the RMs with the micro-heater
biased.

The PICs underwent testing under varying neutron fluxes, resulting in a range of maxi-
mum neutron fluence levels. Table 2.2 presents the list of three PICs that were irradiated.
The table shows the different fluxes to which the PICs were exposed and the maximum
neutron fluence reached.

Neutron flux, [neutrons/s·cm2] Maximum fluence, [neutrons/cm2]
PIC 1 11.3·1014 3.8·1016

PIC 2 5.9·1014 2.0·1016

PIC 3 4.0·1013 1.5·1015

Table 2.2: Irradiated PICs with corresponding neutron flux and maximum neutron fluence
reached.
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2.3 Experimental setup
The neutron irradiation test of the SiPh PICs developed at CERN has been carried out
at the Université catholique de Louvain (UCLouvain), Belgium. The Cyclotron Resource
Centre (CRC) hosts a facility with a cyclotron where a 50 MeV deuteron beam impinges on
a beryllium target, initiating the 9Be(d, n)10B reaction. The peak of the energy distribution
of the neutron beam is centred at 23 MeV, as shown from Figure 2.2.

Figure 2.2: Neutron beam energy distribution, from [48].

The deuteron beam was turned on at 9:41 AM on Thursday 22nd of June 2023, and
it continuously irradiated the beryllium target until the end of the test at 20:21 PM on
Friday 23rd of June, for a total irradiation time exceeding 34 hours.

The experimental setup was designed to assess the optical spectra of the devices while
concurrently evaluating their electrical figures of merit. We were interested in DC mea-
surements of current-voltage characteristics of DUTs both in forward and reverse bias. A
schematic of the final experimental setup is shown in Figure 2.3.

Front
End

P
I
C

1

Neutron 
beam

P
I
C

2

P
I
C

3

SM 
Optical fibers

8x3

Routing 
Boards

(FE)

Reference PIC
Optical 
switch

Tunable
LASER

Polarization
controller

Back
End

8

RB
4

Sourcemeters

DAQ
(electrical switch)

Programmable 
voltage source 

for heaters

TEC
(temperature control)

Routing Boards
(Back-End)Electrical

cables

OPM

Figure 2.3: Schematic of the experimental setup.
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The neutron source is located in a specific bunker where the deuteron beam comes
from a branch of the cyclotron. The experimental setup has then been subdivided into
two different locations: the Front-End (FE) room, where the PICs were irradiated, and
the Back-End (BE), where all the instruments and PCs were kept in a radiation-free envi-
ronment. In total, the experiment involved four PICs, three located in the FE irradiated
by the neutron beam and one in the BE which was taken as reference. Starting from the
FE, the PICs were located in a rack parallel to the neutron beam, at different distances
from the beryllium target in order to analyse the PICs irradiated with different fluxes.
The devices were connected to the BE using electrical cables and single-mode optical fibres
(around 30 metres long). Routing boards were designed for the selection of the desired
DUTs within the PICs and to establish the instrument connections. A parallel setup was
also used for the reference PIC in the BE, using the same routing boards and the same
length of cables, in order to obtain comparable measurements.

In Figure 2.4 is shown the final experimental setup for the neutron irradiation test,
together with the PCBs installed in the rack.

Rack

Be target

Deuteron 
beam

(a) Neutron source.

PIC 1

PIC 2

PIC 3

(b) Rack before installation.

Figure 2.4: Final experimental setup in the FE, with the rack (b) and the branch of the
cyclotron that irradiates the Be target to initiate the reaction (a).

The software used to control the instruments, monitor the test in real-time and post-
process the results was IGOR Pro by WaveMetrics. The measurement loop was realised
to acquire current-voltage characteristics and optical spectra. A more detailed description
of the algorithm developed for this test is reported in Appendix A.

2.3.1 Electrical setup
The acquisition of static current-voltage characteristics was realised by means of two
sourcemeters, named respectively ‘V_meas’ and ‘V_idle’. The sourcemeters were used
both as voltage sources and for current measurements. As mentioned above, grounding
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2 – Neutron Irradiation Test

was common for all the devices; therefore, to avoid the undesired leakage of currents, two
voltage sources were used. The voltage applied to the DUT is ‘V_meas’, while all the other
untested devices are connected to ‘V_idle’. The two voltages are incremented together and
kept equal for the first part of current acquisition; in this way, the leakage currents from
other devices are reduced, and the response of the selected DUT can be properly analysed.
Since all 14 devices selected for the irradiation test are basically PN junctions, we can
let ‘V_idle’ fix and increment only ‘V_meas’ as soon as the DUT reaches the conduction
region (or in proximity of the breakdown for reverse bias), that is, when the current of the
measured device becomes dominant with respect to leakage currents. The limits for idle
voltages were established by means of laboratory tests before the neutron irradiation ex-
periment. Figure 2.5 shows an example of a current-voltage acquisition for a device under
test (RM 0 in the example) and the voltage range over which ’V_idle’ was incremented
together with ’V_meas’.
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Figure 2.5: Example of pre-irradiation acquisition of the current-voltage characteristic of
RM 0. The idle voltage is increased according to the measurement voltage in the depicted
range, applied to all untested devices. The I-V characteristics of the untested PDs are also
displayed to highlight the limitations of the idle voltage range.

The primary constraint on the idle voltage range is attributed to the PDs, which ex-
hibit substantially lower breakdown or threshold voltages compared to RMs or MZMs.
Additionally, it should be mentioned that the illustrated range is applicable solely to the
pre-irradiation measurements, as neutron irradiation is anticipated to result in a change in
the devices’ current-voltage characteristics. The measurement loop utilised during the test
was capable of adjusting the voltage limits based on the previous set of measurements. As
a result, an active control analysis was conducted throughout the entire test. The selection
of the DUT is performed by means of a Data Acquisition/Data Logger Switch Unit (DAQ)
with 3 slots and 20 channels each. By sequentially closing the DAQ channels, we connect
the DUT to ‘V_meas’ and let all the other devices at ‘V_idle’.

An independent programmable voltage source was used to set the temperature of the
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heaters. For example, each RM’s phase shifter is designed to have a resistive tungsten
micro-heater on top of the rib waveguide, which can be heated up by Joule effect and
inducing the shift of the characteristic resonance wavelength. The thermo-optic coefficient
of Si allows an efficient variation of the refractive index and the shift in the resonance
wavelength is almost linear with temperature, with a shift variation of 70 pm/℃ and
heating efficiency of about 4 ℃/mW [28]. Each PCB has a built-in PT100 sensor, which
is a common Resistance Temperature Detector (RTD) or resistance thermometer. The
PT100 sensors of the PICs situated in the FE were used to monitor the temperature within
the bunker. Additionally, the reference PIC in the BE was connected to a Temperature
Controller (TEC) and maintained at the same temperature as the chips in the FE by using
Peltier elements.

Two different sets of routing boards were developed, one for the FE and another for the
BE, as shown in Figure 2.6. The former were designed for DUT selection, discarding the
untested devices within the PIC, while the latter managed the instrument connections.

(a) Routing board A - BE (b) Routing
board B - BE

(c) Routing board - FE

Figure 2.6: Routing boards designed for the irradiation test. (a), (b) routing boards for the
BE, used for for instrument connections, (c) routing board for the DUT selection within
the PIC; there were one routing board of this type for each PIC.

2.3.2 Optical setup
As already mentioned, the single-mode fibers are connected to the PIC thorugh grating
coupling. Four optical channels were analysed for each PIC, resulting in a total of 16
channels. An optical switch was used to select the desired optical channel under test. A
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schematic representation of the four optical channel tested within one PIC is shown in
Figure 2.7.

RM 0 RM 1 RM 2

RM 9 RM 10

RM 13

RM 11

Channel 1

Channel 2

Channel 3

Channel 4

RM 12

Figure 2.7: Schematic representation of the four optical channels tested within one PIC.
Each waveguide can hold a bus of RMs, while the second channel is a shunt waveguide.
The optical channels begin and end with grating couplers. In red, the RMs with the
micro-heaters biased.

Each optical channel can hold a bus of RMs. For instance, the first and third waveguides
of each chip contain several RMs, while the fourth has only RM 13 and the second is a
shunt. The importance of the heaters is evident, as there can be RMs of similar resonance
wavelengths in the same waveguide. Therefore, micro-heaters are crucial in separating
different resonance peaks within the optical spectrum.

Biasing of the heaters was carried out prior to the irradiation test. Subsequently, the
resonance wavelength of each RM was computed both before and after activating the micro-
heater. Considering the thermo-optic shift of the resonance wavelength of 70 pm/℃ the
temperature of the tungsten heater was calculated with respect to the room temperature
(RT). Concerning the fourth waveguide, with only RM 13, there were no constraints re-
garding the heating nor the resonance shift, then it was decided to evaluate the response
of the RM at high temperature of 100 ℃. This was interesting because it was the only
RM that could be kept at the same high temperature throughout the entire irradiation
test and for all four chips. Only the micro-heaters of five RMs were electrically connected,
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specifically the ones of the RMs highlghted in red in (2.7). The voltage range applied to
the micro-heaters goes from 0.8 V to 1.35 V.

The optical spectra were acquired by means of a tunable LASER in the C-band and
a built-in optical powermeter (OPM). The emission wavelength of the LASER can be
tuned and a sweep over a certain wavelength was performed, that in this test went from
1520 nm to 1580 nm. The optical spectrum was then reconstructed by merging the tunable
LASER’s emission wavelength with the OPM’s optical power measurement. To evaluate
the modulation properties of the rings, different voltages were applied to the RMs’ phase
shifter (0.5 V, -0.5 V, -1 V, -2 V) and each time the optical spectrum was acquired.

Light polarization control is fundamental to limit Polarization-Dependent Loss (PDL)
in single-mode fibers, therefore an electrically driven polarisation controller (EPC) was
inserted in the test loop. The EPC provides up to four actuators that can be indepen-
dently DC tuned by applying a voltage range from -5 V to 5 V. The controller uses a
magnetically driven fiber squeezing technique, i.e. single-mode optical fibers are squeezed
by electromagnetic actuators that allow the control of the state of polarization by chang-
ing the birefringence [26]. The set of four voltages applied to the polarisation controller
that maximise the optical power were regulated by a control loop in the code each time
a different optical channel was scanned. In Figure 2.8 is shown the normalised optical
power for the four optical channels of the reference PIC, in the post-irradiation period. As
it can be observed, the overall variation remains below the ±10% during the 17 days of
measurements, confirming the stability of the polarisation controller.
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Figure 2.8: Normalised optical power for the four optical channels of the reference PIC in
the post-irradiation measurements.
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2.4 Experimental results
The total irradiation time was approximately 34 hours, then the experiment was not in-
terrupted and data acquisition continued for 17 days, performing a measurement cycle
every two hours, while during the irradiation the acquisition was continuous (this should
be remembered when looking at post-irradiation data). This was necessary to evaluate if
there was a recovery in the DUT response without modifying the setup. The high amount
of data was then post-processed and the electro-optic FOMs were extracted. The reported
plots are shown considering three different conditions:

• Pre-irradiation

• Irraditaion

• Post-irradiation

For what concerns the irradiation data, they have been evaluated as a function of the
fluence. In this neutron irradiation test, a maximum neutron fluence of 3.8·1016 n/cm2

has been reached. These are the highest fluence levels these PICs have ever been exposed
to. The fluence (Φ) was calculated from the flux of the neutron beam, that is related to
the measured deuteron current I and to the distance from the target d according to the
following equation [48]:

Φ(t, d) =
Ú t

t0

I(τ) dτ × 1 × 1014

0.079 · d1.902 (2.1)

The current of the deuteron beam was monitored during the irradiation test and re-
mained stable, as shown in Figure 2.9.
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Figure 2.9: Deuteron current during the neutron irradiation test.
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2.4.1 Electrical measurements
The current-voltage (I-V) characteristics were acquired for all the 14 devices tested, includ-
ing MZMs, RMs and Si-Ge PDs. In particular, more attention was paid to RM 0, which is
the reference design and will also be adopted for the next PIC generation. From the I-V
characteristics, different analysis can be conducted to extract some interesting electrical
FOMs which aid in device characterisation. All DUTs can be described as diodes with
unique characteristics based on the respective device. A description of the DUTs was re-
ported in Section 1.3. Both forward and reverse biases were measured and the data were
post-processed following the procedure described in Appendix B.1. The electrical FOMs
demonstrate clear variation with increasing fluence, indicating damage induced by the neu-
tron irradiation. The reference PIC, on the other hand, preserves a good stability. The
most relevant parameters for describing the diode and its characteristics are threshold and
breakdown voltages. The latter was specifically examined during this test as it can help to
comprehend the effects of neutron irradiation. The aforementioned FOMs are reported in
Figure 2.10 for RM 0.
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Figure 2.10: (a) Threshold voltage and (b) breakdown voltage of RM 0.

Figure 2.10b shows a certain step-wise profile for the reported FOMs. The explanation
of this trend is reported in Appendix B.1, together with the metod used for data post-
processing.

The threshold voltage of the RM phase shifter decreases with neutron irradiation and
similar trends can be observed for the three irradiated PICs. With respect to the threshold,
the breakdown voltage does not begin to decrease immediately following neutron irradi-
ation. Instead, a fluence greater than 1·1015 n/cm-2 is actually required to observe a
significant reduction. The first explanation to the observed outcomes can be attributed to
the donor/acceptor removal mechanism, as described in literature. This phenomenon im-
pacts the efficacy of silicon detectors for HEP and is evident at elevated levels of proton or
neutron irradiation [40],[29],[30]. When fast particles at high fluence levels irradiate doped
silicon, as is the case in this test with high-energy neutrons (with a peak mean energy
distribution at 23 MeV [48]), collisions with the crystal lattice cause displacement damage,
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leading to a general deactivation of the dopant atoms. The microscopic origin behind this
mechanism is not yet comprehensively understood. Nevertheless, one suggested hypothe-
sis is that ion-dopant complexes of varying types can be generated because of irradiation,
which ultimately causes a decrease in the effective doping concentration [22].

The displacement of boron atoms from a substitutional site in crystalline silicon can
be induced by proton irradiation [36]. The displacement is mainly generated by Si self-
interstitials (ISi) generated in the lattice by proton beam. The ISi defects are generated by
high-fluence proton irradiation and can interact with boron atoms to form B-ISi couples.
The displacement of boron atoms increases exponentially with irradiated fluence, reaching
a saturation point. This process can result in the deactivation of dopants, ultimately
leading to a reduction in doping concentration. It is reasonable to assume that the same
mechanism can be induced by neutron irradiation. Additional research is crucial to better
understand donor/acceptor removal and to explore potential design or annealing solutions.

Neutron irradiation revealed a reduction in both the threshold and breakdown voltages,
as well as modifications to the slope of the current-voltage characteristics in these regions
as a result of neutron fluence. Both reverse and forward current profiles show reduction
in the slope with neutron irradiation. This phenomenon can again be attributed to ac-
ceptor/donor removal mechanisms. The effective reduction of doping concentration leads
to a decrease in the slope resistance of a diode, meaning that the resistance of the diode
after reaching the threshold voltage increases. This can be represented using the piecewise
linear model of the diode, where the actual current-voltage characteristic can be approxi-
mated using two-segment piecewise linear approximations. As shown in Figure 2.11, with
neutron irradiation we observe a reduction of the slope, meaning that the diode resistance
in this region increases due to dopant removal mechanism. The presented figure depicts

Figure 2.11: Exponential fitting of the current-voltage characteristic of RM 0 for the first
PIC, compared with the piecewise linear model of the diode in forward bias. The slope
decreases with neutron irradiation, confirming the acceptor/donor removal mechanism and
indicating an increase of the diode series resistance.
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the exponential current-voltage characteristics of RM 0 in the first PIC at maximum flu-
ence, in comparison to pre-irradiation measurements. The linear piecewise model is used
to determine the slope in the linear region beyond the threshold, which corresponds to
the inverse of the diode resistance. The diode resistance increases with neutron fluence,
beginning from ∼43.1 kΩ prior to irradiation, and reaching an estimated resistance of
∼53.8 kΩ. Future research should further investigate this effect to gain insight into the
possible variation of doping concentrations due to neutron irradiation.

Mach-Zehnder modulators were also analysed during the irradiation test. Beside RMs,
the design of the MZMs is characterised by a lower doping concentration, almost ten times
lower than that of the rings. Consequently, larger voltages are necessary to bring the device
into breakdown. The results of MZM 1 are shown in Figure 2.12. The results from the
other arm of the MZM (ARM 2) are not shown but they were comparable with the one of
the first arm.
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Figure 2.12: Threshold and breakdown voltages of MZM 1 - ARM 1.

All FOMs underline the effect of neutron irradiation, leading to considerations similar
to those stated for RM 0. The decrease in the forward threshold voltage can also be
related to several trap states generated by Non-Ionising Energy Loss (NIEL). As a result of
irradiating high-energy particles, atoms in the lattice can be displaced and become mobile
in the crystal. NIEL is the energy that displaced atoms/ions lose while travelling, creating
displacement damage and defects that can act as generation and recombination centres
[24],[20]. As a consequence, the voltage needed to bring the junction into the forward
conductive region is reduced. It is noteworthy that the shift in breakdown voltage for MZM
is significantly greater than that observed for RM 0. The breakdown voltage of MZM starts
at approximately -13 V and reaches a value of -17.5 V at the highest neutron fluence. This
confirms the acceptor/donor removal mechanism and highlights that the reduction of the
effective doping concentration does not decrease when the doping concentration is lowered.
No improvement can be observed after the irradiation, but instead a slight decrease in the
breakdown voltage is recorded. This contrasts with our findings for RM 0. For example,
in the post-irradiation measurements, Figure 2.10b exhibits a very slight recovery of both

27



2 – Neutron Irradiation Test

forward and breakdown voltages. It is worth noting that the high temperature of the RM 0
heater kept the ring at an elevated temperature, whereas the MZM was kept at ambient
temperature throughout the test (see Table 2.1).

This suggests that the heaters contribute to the annealing of the devices, while the
damage induced by fast neutrons remains largely unchanged without intervention. Con-
sequently, the defects induced by neutron irradiation can be considered to be relatively
steady and permanent. Therefore, it is worth analysing different RMs with almost the
same design of RM 0 but without the heaters turned off. RMs 9, 12 and 14 were electri-
cally measured throughout the test; RM 9 and RM 14 have the same doping and mainly
the same design as RM 0, while RM 12 has a larger radius (7.5 µm) and the same doping
concentrations of MZMs. The normalised outcomes for these devices, only for PIC 1, are
reported in Figure 2.13, compared with RM 0.
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Figure 2.13: Threshold voltage and breakdown voltage of RMs 9, 12 and 14 from PIC 1,
normalised and compared with RM 0. RMs 9, 12 and 14 they all have the micro-heaters
turend off.

The breakdown and threshold voltages of RMs 9, 12 and 14 show no sign of recovery
after neutron irradiation. On the contrary, a slight improvement is observed for RM 0,
which confirms that the heaters aid in device annealing. However, the recorded recovery is
not significant. The observed increase in the breakdown voltage of RM 12 is noteworthy,
as it suggests greater sensitivity to neutron irradiation. The introduction of higher dopings
helps mitigate the effects of neutron-induced damage. The same FOMs calculated for the
other RMs under test are not reported in this work, but similar trends are observed.

For the first time, we extensively evaluated the breakdown of the devices during this
irradiation test. Earlier work has shown that the breakdown voltage is shifted to higher
values and the swing is increased by neutron irradiation, indicating an increase in linear
resistance. Additionally, the shape of the kink in the I-V characteristic of the breakdown
current was analysed for the first time. Compared to pre-irradiation measurements, the
breakdown kink becomes much smoother with neutron irradiation. This evidence is note-
worthy when considering the two primary mechanisms that can cause breakdown in the
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junction, namely, avalanche generation and band-to-band (B2B) tunnelling [49]. The for-
mer induces the breakdown through the collision of a thermally generated electron that has
acquired a high kinetic energy with an atom. This process may disrupt the lattice bonding
and cause ionisation of the atom, resulting in the creation of an additional electron-hole
pair. The pair is then subjected to the same high electric field, thus accelerating and
triggering another impact ionisation. The result is an avalanche generation that brings
about an abrupt increase in current. The band-to-band tunnelling is a different breakdown
mechanism caused by the direct tunneling of an electron of the valence band to the con-
duction band. When the applied voltage is sufficiently high, the junction barrier is reduced
due to the banding of the band edges at the junction. The transmission probability of the
highest energetic electrons in the p-side is therefore increased, and tunnelling can occur.
A schematic representation of the two breakdown mechanisms is sketched in Figure 2.14.

EC

EV

(a) Avalanche generation by impact ionisation.

EC

EV

(b) Direct band-to-band tunneling.

Figure 2.14: Breakdown mechanisms for the silicon diode in reverse bias.

The breakdown mechanism of a PN junction is directly related to the electric field in
the junction; to trigger the B2B tunnelling in a silicon diode, critical electric fields greater
than 106 V/cm must be reached [49]. This requires either very high voltages applied or
high doping concentrations. In the case of RM 0, the doping concentrations found for the
rib are greater than 1018 cm-3 (the analysis of the doping will be extensively described later
in Chapter 3). Another characteristic of the two breakdown mechanisms is the shape of
the kink in the current. The B2B tunnelling shows a much sharper kink with respect to
the avalanche generation, because the amount of carriers that can tunnel will not increase
with the voltage applied, but the tunneling will occur as soon as the potential barrier will
be sufficiently lowered. Therefore, in this case, the current will gain a sharp increase, while
for the avalanche generation the kink will be smoother. This irradiation test had not the
aim of understanding the breakdown mechanism, but some interesting considerations can
be made by looking at the current-voltage characteristics, since the measurements were
performed to increase the acquisition of data points in the proximity of the breakdown.

Figure 2.15 shows the breakdown of RM 0 before irradiation compared to the measure-
ment at maximum neutron fluence.

29



2 – Neutron Irradiation Test

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

C
ur

re
nt

, [
µA

]

-7 -6 -5 -4 -3 -2 -1 0

Voltage, [V]

 Pre-irradiation
 Maximum fluence

Figure 2.15: Current-voltage characteristic of RM 0 of the first PIC in reverse bias. The
pre-irradiation measurements are compared with the data at highest neutron fluence; the
breakdown kink shows a smoother profile after irradiation.

In addition to the shift in the breakdown voltage towards higher values, the current
kink becomes significantly smoother after neutron irradiation. An explanation for this
smoothing could arise from the creation of various defects resulting from irradiation, which
subsequently generate different trap states in the silicon band gap. Although the initial
current is very sharp, this does not provide sufficient evidence to conclude that the break-
down of this device is due to B2B tunnelling. However, based on these observations, further
analysis can provide insight into the mechanism that initially causes device breakdown and
how this mechanism changes with neutron irradiation, leading to a possible modelling of
the trap states generated in the silicon band gap.

The last type of devices studied in this irradiation test were Si-Ge photodiodes. In this
work, only electrical analyses will be conducted on these devices. These photodetectors are
based on the vertical p-i-n silicon (Si-VPIN) junction with germanium layer that acts as
ligth absorber and the anode is on top of the Ge. We analysed four Si-VPIN photodetectors
of the same type, therefore only the results from PD 1 are shown in Figure 2.16.

The photodiodes demonstrate a decrease in the threshold voltage when exposed to
neutron irradiation, confirming the same trend observed for RMs and MZMs. However,
the breakdown voltage is shifted towards smaller values. Compared to other devices, Si-
Ge PDs experience a reduction in the breakdown voltage, indicating that a lower bias
is required to bring the junction to breakdown. This would appear to be in contrast
to the acceptor/donor removal mechanism discussed previously, but it should be taken
into account that PDs have a different junction structure. The effects of displacement
damage in intrinsic germanium are not well understood. This region is expected to be
not significantly affected by effective dopant deactivation. Thus, it is possible that the
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Figure 2.16: Threshold and breakdown voltages of VPIN Si-Ge photodetector with neutron
irradiation.

displacement damage will mainly generate different defect species that introduce different
trap states. The presence of trap states can decrease the breakdown voltage of the junction.
Additionally, the generation of trap states in the Ge absorber could facilitate a potential
carrier transport pathway. The band structure of germanium, which has a smaller band gap
energy in comparison to that of silicon and a direct band gap in the optical communication
range, further supports this scenario.

It should also be noted that the recorded current may not correspond to the break-
down of the PDs, as the experimental acquisition loop was designed to avoid damage to
the diodes by high currents; hence, the collection of the current-voltage characteristics
was stopped when the current reached 1 µA. Therefore, it is possible that the PD current
recorded during neutron irradiation simply corresponds to the increase of the dark current
in reverse bias. Differentiation between actual breakdown or a substantial increase in dark
current could only have been achieved with a wider acquisition current range, which would
have caused damage to the devices.

In summary, the observed trends in forward bias for Si-Ge PDs are consistent with
the outcomes of RMs and MZMs. This indicates that the primary mechanism for the
current-voltage characteristics of devices in the forward region is the creation of defects
due to neutron irradiation, resulting in different trap states. Regarding the reverse bias,
it is assumed that the amount of displacement damage with fluence is similar for all the
DUTs. The acceptor/donor removal mechanism is the critical factor even if the effect of
trap states becomes predominant for very low doping, such as for PDs. Additional studies
can be conducted to improve our understanding of the outcomes arising from displacement
damage in SiPh components induced by irradiation from high-energy particles.
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2.4.2 Optical measurements
Optical measurements were conducted solely on RMs; the four optical channels host a
total of 32 RMs, 8 for each PIC. Several FOMs were obtained from the optical spectra,
and different analyses of the data were performed. Only the most relevant parameters
are presented to avoid redundancy. As reported for the electrical outcomes, a more com-
prehensive examination will be presented for RM 0. Along with it, other relevant results
from other devices are also reported, such as modulators with different doping levels or
without the heater turned on. The procedure adopted for data post-processing is based on
the subtraction of the grating coupler response from the optical spectra and then on the
Lorentzian fitting of the resonance peaks, from which the FOMs were evaluated. A more
detailed description of the method is given in Appendix B.2. An example of a raw optical
spectrum acquired during the test is shown in Figure 2.17.
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Figure 2.17: Raw example of the acquisition of an optical spectrum. The depicted plot
is the optical spectrum related to the first optical channel under study of the PIC, where
there is a bus of three RMs (RM 0, 1 and 2). The peaks of the resonance wavelength were
adjusted by regulating the heater biasing.

The first relevant FOM that was evaluated is the resonance wavelength of the resonators.
Figure 2.18 shows both the value of the resonance wavelength (2.18a) of RM 0 for each PIC
and the relative variation of the resonance with respect to the average of the pre-irradiation
data (2.18b).

With the neutron irradiation, the resonance of the RM is shifted towards higher wave-
lengths, as can be seen from the relative variation. The reference PIC shows good stability
throughout the entire test. The increasing profile followed by the relative resonance peak
agrees well among the three chips as a function of fluence and can be related to the damage

32



2 – Neutron Irradiation Test

1.552

1.550

1.548

1.546

1.544

W
av

el
en

gt
h,

 [
µ

m
]

1.51.00.5

Time, [h]

 PIC 1

10
14

10
15

10
16

Fluence, [n/cm
2
]

1.552

1.550

1.548

1.546

1.544
2001000

Time, [h]

RM 0

(a) Resonance wavelength.

600

400

200

0

-200

Δ
λ,

 [
pm

]

1.51.00.5

Time, [h]

 PIC 1

10
14

10
15

10
16

Fluence, [n/cm
2
]

600

400

200

0

-200
2001000

Time, [h]

RM 0

(b) Relative resonance wavelength variation.

Figure 2.18: (a) Resonance wavelength and (b) corresponding relative variation for RM 0.
The variation of wavelength ∆λ was evaluated with respect to the average of the pre-
irradiation resonance wavelengths.

induced by the neutron irradiation. According to the resonance wavelength equation (1.4),
the neutron irradiation is responsible for an increase in the effective refractive index.

A 3 dB attenuator was used to avoid self-heating of the RMs due to the high input
optical power, which would have had an impact on the shape of the resonance peaks. This
variation in the optical power will be present throughout the analysis of all experimental
results, corresponding approximately to the following fluences:

• 1·1016 n/cm2 - PIC 1

• 7·1015 n/cm2 - PIC 2

• 5·1014 n/cm2 - PIC 3

Nonlinear effects such as free carrier absorption (FCA) and two-photon absorption
(TPA) in silicon are relevant when the light power density entering the ring is elevated.
Thermal effects are predominant and, with high optical power densities, the resonator
shows bistability when the spectrum is acquired with a swept LASER source [14]. The
3 dB attenuator was introduced because a reduction in optical power was expected with
neutron irradiation. Therefore, to prevent having a high optical power at the start of the
experiment and a low power during the test, the attenuator was removed when the optical
power dropped below 1 µW. For the reference PIC, since it was plotted as a function of
the maximum fluence like PIC 1, the effect of the removal of the 3 dB attenuator is seen
at the same fluence level as PIC 1.

The most relevant parameter that can influence the position of the resonance peak is the
temperature, due to the thermo-optic coefficient of silicon; therefore, it is worth pointing
out once again that RMs 0 were characterised by the presence of the heaters, as reported
in Table 2.1. Therefore, a source of noise that could have affected the experiment is the
programmable voltage source used to heat up the micro-heaters, since a slight variation
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in the bias applied to the tungsten heaters can shift the resonator response; i.e. given
the silicon thermo-optic coefficient, a variation of 0.5 ℃ can cause a shift in the resonance
wavelength of 35 pm. The temperature of the PICs was monitored throughout the test
exploiting the built-in Pt100 thermoresistive sensors and remained fairly stable, as shown
in Figure 2.19.
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Figure 2.19: Temperature monitoring throughout the test.

The reference PIC was connected to a TEC that regulated the temperature according to
the temperature measured in the bunker. Small variations in ambient temperature can be
considered slow with respect to the data acquisition. The abrupt drop in the temperature
profile for the three irradiated PICs corresponds to the shutdown of the deuteron beam,
which occurred after more than 36 hours of testing.

In addition to the variation in the resonance wavelength, it is also worth evaluating how
the shape of the resonance peak changes with the neutron irradiation. The FWHM has
been extracted from the fitting procedure and is shown in Figure 2.20c. The shaded areas
around the curves represent the absolute error of the measurement, which was considered
to be the absolute error of the tunable LASER accuracy, corresponding to ±5 pm from the
datasheet. The variation in the width profile is not well understood, and further laboratory
tests can be carried out to verify the relative variation of this parameter over time. One
reason for this could be that the Lorentzian fitting used to evaluate the FWHM is highly
dependent on the input power, which is directly related to the response of the grating
couplers. Therefore, a variation in the input power or in the grating coupler spectrum can
lead to slightly different changes in the overall height and width of the fit. The same profile
can be seen from the Quality factor in Figure 2.20d, because it is related to the inverse of
the FWHM, as given in (1.8).

Conversely, the FSR in Figure 2.20a increases slightly with the fluence, and this be-
haviour is particularly accentuated for PICs 1 and 2, i.e. those exposed to higher irradi-
ances, whereas it is less evident for fluences below 1·1015 n/cm2. The FSR depends directly
on the second power of the resonance wavelength, as given in (1.5), therefore an increase
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Figure 2.20: (a) Free Spectral Range, (b) relative FSR variation, (c) Full-Width at Half-
Maximum and (d) Quality factor of RM 0. The Quality factor is inversely related to the
FWHM and the same profile can be recognised.

in the latter is expected to increase the FSR. The FSR also depends on the group index,
which is directly related to the effective refractive index and its dispersion [19], hence fur-
ther future studies could try to relate the variation of the effective refractive index to the
fluence. Together with the FSR, its relative change compared to the values before irradi-
ation is shown in Figure 2.20b to better highlight the increase due to neutron irradiation.
Apart from modulating parameters such as ME and TP, all other FOMs vary significantly
between the PICs, or at least the variation due to process variation is greater than the
total variation induced by neutron irradiation.

As previously noted in the electrical characteristics, there is no significant change in the
reported FOMs during the post-irradiation period, which may confirm that the neutron
irradiation damage is permanent.

The last two FOMs that are useful in characterising the RM are the Modulation Ef-
ficiency (ME) and the Transmission Penalty (TP). The former indicates the strength of
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Figure 2.21: Calculated (left column) and filtered (right column) ME of RM 0 for 4 different
voltage conditions.
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the modulation when the phase shifter is biased, i.e. it is based on the plasma dispersion
effect in the silicon rib. By biasing the PN junction, injection or depletion of carriers re-
sults in changes in carrier densities within the rib, which modifies the complex refractive
index [33]. This mechanism is widely used to modulate the resonance wavelength of silicon
RMs to be used in NZR applications. The ME can thus be evaluated as the difference in
the resonance wavelengths when two different voltages are applied. In Figure 2.21 are re-
ported the MEs for four different voltage combinations. The noise coming from the tunable
LASER is more apparent considering that the ME is of the order of tens of picometres,
therefore filtered and normalised results are shown on the right side of Figure 2.21. A
moving average filtering was applied to eliminate short-term variations and emphasise the
impact of neutron irradiation. The procedure used for this filtering will be the same for
all filtered plots hereafter, considering that all quantities in dB have been linearly scaled
prior to normalisation.

There is a general reduction in ME with neutron irradiation, which can be attributed to
the donor/acceptor removal mechanism that reduces the effective doping in the rib. The
reduction of the doping concentration reduces the strength of the modulation efficiency
because less carriers can be injected or depleted. It is interesting to note from the filtered
and normalised plots that the degradation in modulation efficiency is independent of the
bias range applied to the RM.

It is noteworthy that the ME is worsened by sufficiently high neutron fluences, in fact,
the ME of the third PIC remains mainly at the same level as the pre-irradiation results,
being consistent with the reference PIC. A similar response was observed in the breakdown
voltages of the devices, with only the PICs exposed to the highest neutron fluences showing
a significant shift in breakdown voltage. This is also consistent with the measurements
made on the other RMs, not all of which are reported in this work.

The transmission penalty is calculated according to (1.14), and the minimum of the TP
spectrum is shown in Figure 2.22.
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Figure 2.22: Minimum TP of RM 0 for the voltage range (0.0 V, +1.0 V).

The TP of RM 0 is very noisy due to the experimental setup limitations, and a small
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increase in the minimum TP can be observed with neutron fluence. In general, it is
expected that the TP of the RMs should decrease slightly with neutron irradiation due
to donor/acceptor removal, because the losses in the silicon rib decrease as the effective
doping concentration reduces. This can be observed in other RMs that have been tested
whose design has been customized by our team, as shown in Figure 2.23. In particular,
RM 13 seems to show the greatest reduction in TP with neutron irradiation.
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Figure 2.23: Filtered and normalised minimum TP in the voltage range (+0.5 V, -1.0 V)
for other RMs under test compared with RM 0. With respect to RM 0, it can be observed
a reduction in the minimum TP with neutron irradiation.

Considering all the calculated FOMs among the different RMs under test, we can con-
firm that the performance of the devices does not appear to be detrimentally affected by
neutron irradiation, confirming the radiation hardness of SiPh and its suitability for HEP
applications. It is also confirmed that the observed variations are related to the neutron
fluence, although the fluxes for the three PICs were different. For this reason, the plots in
Figure 2.24 focus on the comparison between the different RMs and do not always show
all the extracted results from the irradiated PICs.

Unlike all other devices, RM 12 was the only one tested with lower doping specifications,
ten times lower than RM 0 and same doping concentrations of MZM 1. This improves the
optical properties of the ring by reducing round-trip losses due to free-carrier absorption
and parameters such as Quality factor or ERi are ameliorated. Figure 2.24 shows the
parameters calculated for RM 12 from PIC 1, compared to those of RM 0. The resonance
peak is steeper due to the lower doping, i.e. the FWHM is also smaller compared to RM 0
(Figure 2.24c). At the same time, lower doping concentrations in the phase shifter reduce
optical losses as light circulates through the ring, increasing the Quality factor.

Another interesting comparison can be performed with RM 11, which has a ring radius
of 7.5 µm as RM 12, while for the other rings under test is 5 µm. The FSR and FWHM are
expected to be smaller for this ring, since they are inversely proportional to the round-trip
length (Equations 1.5 and 1.7). This was indeed confirmed by the measurements as shown
in Figure 2.24. It can also be noted that the FSR of RM 11 is similar to the calculated
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Figure 2.24: Optical FOMs for RM 12 and RM 11 from PIC 1, compared with RM 0. In
(a), the FSR of RM 11 is very close to that of RM 12 and cannot be clearly distinguished
within this scale, but the difference is recognisable in (b).

value found for RM 12. The variation in the FWHM with neutron fluence is different
among the rings and does not follow a common trend, therefore, further investigation is
required to better understand the effect of neutron irradiation on this parameter.

By reducing the overall doping of the phase shifter, the ME is strongly reduced compared
to other rings. When designing a PIC, it is important to find the right compromise between
optical losses and modulation efficiency of the RMs. From Figure 2.25 can be seen that the
ME is much smaller than RM 0, starting from pre-irradiation values around 20 pm. The
reduction due to irradiation seems to be of the same order as for the other RMs, with an
estimated decrease of ≈15 pm for a fluence of 3.8·1016 n/cm2, in the bias range (+0.5 V,
-1.0 V).

In summary, the neutron irradiation test provided the opportunity to obtain a large
number of statistics on the FOMs, useful for characterising the ring modulators. The
parameters of both resonator and modulator were extracted and used to evaluate the
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Figure 2.25: Calculated (a) and filtered (b) ME of RM 12 (low-doping) from PIC 1,
compared with RM 0 for voltage range (+0.5 V, -1.0 V).

different design specifications among the rings. The performance of the RMs does not seem
to be adversely affected by the neutron irradiation and there are good expectations for the
optimal operation of these SiPh devices in HEP applications. The resonance wavelength is
shifted to higher values with radiation, but the variation of other parameters such as FSR
and Quality factor are not considered threatening for the final device operability. Regarding
the modulator FOMs, the ME is degraded by the neutron fluence, with an observed decrease
of the total ME in all the voltage ranges, while the TP seems to be slightly improved thanks
to the acceptor/donor removal mechanism induced by irradiation. As a final comparison,
in Figure 2.26 are shown the MEs of all the ring modulators under test (excluding RM 12,
which had lower doping concentrations) as a function of the neutron fluence. It can be
seen how this parameter decreases with irradiation and how this effect is consistent for all
PICs and all RMs tested.
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Figure 2.26: Modulation efficiency in the four voltage ranges for all RMs and all PICs as
a function of the neutron fluence. The followed trend is common for all RMs tested.
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Chapter 3

TCAD Simulation

Neutron radiation damage has been shown to alter both electrical and optical responses
of the devices. A simulation was developed to emulate the effect of neutron irradiation on
the RM phase shifter. The tools provided by the Synopsys® SentaurusTM TCAD software
package were first used to simulate the fabrication process of the phase shifter to obtain
a good match of the current-voltage electrical characteristics of the unirradiated device;
then, various physical models were implemented to simulate the damage induced by neu-
tron radiation. This work focuses on the electrical simulation of the device and on the
corresponding variation on the current-voltage characteristic induced by irradiation dam-
age; future works can start from the following results to also analyse the optical spectra and
the variation of the FOMs characterising the RM. The following will focus on simulating
the reference design, i.e. RM 0 in our PICs.

Doping profiles or doping levels are fundamental for the response of the ring because the
carrier concentrations characterise both the optical losses and the strength of the modula-
tion efficiency, as already studied from the previously reported measurements. Therefore,
it is necessary to estimate the doping levels of the phase shifter to simulate the radiation
effects on SiPh modulators.

3.1 Phase shifter design
The component that plays a critical role in the response of the RM is the phase shifter,
i.e. the silicon PN junction built into the rib waveguide, which is used to modulate the
resonance wavelength of the ring. The design of the RM is known in terms of geometrical
features such as the rib width or slab thickness, but some relevant characteristics, such
as doping profiles, are not known. The only known parameter concerning the electrical
characteristics related to doping is the sheet resistance; therefore, this was used as a starting
point to develop a procedure to obtain reasonable doping profiles that match with the
measured current-voltage characteristics. The procedure will be described better in Section
3.1.1.

RM 0 has an all-pass configuration and a radius of 5 µm. The SentaurusTM Process
(sprocess) tool was used to simulate the manufacturing process of the ring. The first aim
of the simulation was to reproduce the reasonable process flow to fabricate the device, with
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particular interest in the doping profile of the phase shifter, especially in the silicon rib.
For this reason, rather than simulating the entire ring configuration, only a slice of the
phase shifter was constructed. A 3D structure was developed, maintaining the same width
and thickness of the real phase shifter, while the length of the slice was 600 nm. Figure
3.1 represents a schematic of the ring modulator; the cross-section of the simulated phase
shifter is shown on the right side.

5 μm
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Figure 3.1: Schematic representation of the RM. On the right side is shown the cross-section
of the simulated phase shifter on SentaurusTM.

The devices were manufactured on a 220 nm SOI platform, which corresponds to the
declared rib height. The etch depth is 160 nm and this parameter directly influences the
light confinement within the silicon rib. The higher the etch depth, the better the light
confinement within the ring. However, the total depth also determines the surface over
which the voltage applied at the contacts reaches the rib through the highly doped regions.
Therefore, the greater the etch depth, the less uniform the potential will be at the sides of
the rib. The rib width is 500 nm for RMs and 450 nm for MZMs, while the slab widths
are 1000 nm for RMs and 1275 nm for MZMs [28]. The width of wdop is 300 nm for RM 0,
while it is smaller for the other rings designed by the team. The metal contacts on top of
the heavily doped regions connect the phase shifter with the chip’s BEOL. They consist of
cylindrical tungsten vias surrounded by silicides.

The simulation starts with the construction of an SOI substrate (the silicon substrate
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was not simulated), i.e. standard SOI fabrication processes such as Smart Cut and wafer
bonding were not emulated as they were beyond the scope of this work. Once the SOI is
defined, with buried oxide (SiO2) of 2000 nm and SOI of 220 nm thicknesses, the procedure
is similar to a standard fabrication process. The SOI is patterned and etched by means
of lithographic processes to obtain the phase shifter structure. The silicon is p-type, so is
defined with an initial uniform boron concentration of 2.258·1015 cm-3. The initial boron
concentration was found exploiting the procedure described in Section 3.1.1. The next step
is to define the doping. The implantation process was simulated using the sprocess tool
on the basis of the concentrations obtained from the sheet resistances. In particular, the
model used is based on an analytical doping distribution that follows a Pearson distribution
function. This model is well implemented in the software and is based on the implantation
of dopant atoms following a Pearson distribution function, which can be defined as the
solution to the following differential equation [47]:

d
dy

f(y) = y − a

b0 + b1y + b2y2 f(y) with y = x − Rp , (3.1)

where the a, b0, b1 and b2 parameters are related to the higher order momenta of the
function. The first moment is defined as:

Rp =
Ú +∞

−∞
xf(x)dx, (3.2)

which is known as projected range. Higher order momenta mi are defined as:

mi =
Ú +∞

−∞
(x − Rp)if(x)dx. (3.3)

Apart from Rp, the other three momenta used to define the Pearson distribution function
are:

σ = √
m2

γ = m3

σ3

β = m4

σ4

(3.4)

Relating these parameters to the well-known Gaussian distribution, σ is the standard
deviation, while γ and β are the skewness and the kurtosis respectively. The skewness is
the moment of the function which indicates the asymmetry of the distribution with respect
to its centre, while the kurtosis indicates the importance of the tails of the distribution.
If γ = 0 and β = 3 the distribution becomes Gaussian. The software allows you to define
the Pearson distribution function for the implanted dopants by inserting these parameters.
The four momenta characterising the distribution (i.e. Rp , σ, γ and β) have been obtained
thanks to Lumerical simulations aimed at finding the best doping profile matching the
optical simulations with the experimental results. This analytical implantation procedure
was adopted only for the regions with thickness 220 nm (i.e. p++, p, n and n++), while
for p+ and n+ regions the default Dios tables provided by the software were used [53].
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(a) Photoresist: deposition and patterning. (b) Boron implantation.

Figure 3.2: (a) Example of photoresist deposition and patterning before ion implantation.
(b) Boron implantation of the phase shifter; the dose used is for the p-region of the rib,
but to simulate a realistic fabrication process the implantation of the low-doping region is
done also for the other regions (p+/p++). Notice that the annealing step is not yet done
because will be performed only at the end of all the implantation steps.

In total, the phase shifter is composed of six different doped regions, therefore, the im-
plantation simulation procedure tries to follow realistic ion implantation steps. For all the
implantations, the model to evaluate damage in the silicon resulting from the implantation
is activated, while the channelling was suppressed because the tilt and rotation angles of
the ion beam were kept to zero, as it was not necessary to have these angles at realistic
values for a quasi-2D simulation. The lithographic masks were defined in order to cover
the different regions not to be implanted, i.e. the masks for the photoresist patterning were
positive. An example of photoresist patterning followed by boron implantation is shown in
Figure 3.2. As can be seen, the implantations are not done separately for each of the six
different regions to be doped. This would not have been realistic in a fabrication process,
so when p or n regions were implanted, p+/p++ and n+/n++ were also implanted. This
implies that the implant doses found in Section 3.1.1 have to be tuned for each new im-
plantation step, taking into account the dose already implanted. The tuning was done by
taking a 1D cut in the middle of the region of interest and calculating the integral of the
dopant distribution. By iterating this process throughout the implantation steps, it was
possible to find the final doses to be set. The energies of the ion beam for each implantation
were determined using an online calculator [21] (based on [13]), looking at the energy that
gave the maximum of the implantation distribution at the centre of the silicon thickness.
A final summary of the parameters used to define all the ion implantations of dopants is
given in Table 3.1. The rapid thermal annealing for dopants activation was simulated at a
temperature of 1050 ℃ for a time of 5 seconds. The final doping distribution is shown in
Figure 3.3.

The last part of the simulation of the fabrication process is the realisation of the cladding
oxide and the metal contacts. The cladding oxide (SiO2) was deposited and then etched
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Dose, [cm-2] Energy, [keV] Ion species
p 1.5 · 1014 35 Boron
p+ 3.8 · 1014 7.5 Boron
p++ 1.42 · 1015 35 Boron
n 1.5 · 1014 90 Phosphorous
n+ 3.1 · 1014 25 Phosphorous
n++ 2.4 · 1015 90 Phosphorus

Table 3.1: Implantation parameters used to define the doping of the phase shifter simulated
with SentaurusTM Process software.

Doping Concentration [cm^-3]

-7.859e+19 -3.932e+16 -1.966e+13 2.540e+13 5.078e+16 1.015e+20

Figure 3.3: Final doping concentration of the phase shifter.

and planarised by means of a chemical-mechanical polishing (CMP) step, to reach a final
thickness of 500 nm. Two masks were defined to etch the oxide over the heavily doped
regions (p++/ n++) to realise the tungsten metal vias and silicides. After SiO2 etching,
the silicides were deposited and patterned to obtain four cylindrical vias, one for each
tungsten pillar. At this point, the tungsten was deposited, and a final CMP was performed
to planarize the final structure. Finally, copper was deposited on top of the tungsten-
silicide region to obtain the final metal contacts for the electrical stimulation. The resulting
structure of the phase shifter is shown in Figure 3.4.

3.1.1 Analytical model: doping concentration starting from sheet
resistance

The biggest unknowns needed to simulate the phase shifter of the ring modulator were
the doping profiles. Neither the characteristics of the ion implantation processes nor the
nominal values of the doping in the six different regions were known. The only known
parameter that was directly related to the doping concentration of the phase shifter was
the sheet resistance. In the following, a method has been developed to calculate the possible
dopant dose implanted in the silicon starting from this parameter. The procedure used is
based a renowned model for electron and holes mobilities as a function of concentration
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Figure 3.4: Final 3D structure of the phase shifter of RM 0 simulated with SentaurusTM

TCAD.

and temperature, known as Arora mobility model [11], which is well implemented in the
SentaurusTM Device (sdevice) tool that will be used for the electrical simulation. As already
mentioned in Section 3.1, it is reasonable that multiple implantation processes are used for
the highly-doped regions, while this method can give the possible values of the dose to be
used for a single ion implantation. It will be explained later how the doses for p+/p++
and n+/n++ regions were determined.

The sheet resistance is the resistance of a piece of semiconductor, the thickness of
which is much smaller than the two other dimensions. It is a parameter used to compare
the electrical properties of devices that can be significantly different in size. The sheet
resistance can be defined starting from the 3D resistance as:

R = ρ · L

A
= ρ

L

Wt
= Rs

L

W
, (3.5)

where Rs is the sheet resistance and ρ is the resistivity.
In general, if the sample is uniformly doped the resistivity is constant and the sheet

resistance is:
Rs = ρ

t
. (3.6)

For non-uniformly doped samples, the sheet resistance along the thickness t can be
written as [42]:

Rs =
5Ú t

0

3 1
ρ(x)

4
dx

6−1
=

5Ú t

0
σ(x)dx

6−1
=

5
q

Ú t

0
[n(x)µe(x) + p(x)µh(x)] dx

6−1
, (3.7)
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W

L

t

I

Figure 3.5: Geometrical representation of the sheet resistance definition; the current I is
considered parallel to L.

where σ(x) is the electrical conductivity, n(x) and p(x) are the electron and hole concentra-
tions and µe(x) and µh(x) are the corresponding mobilities. In this study, the temperature
dependence of conductivity is not considered and all parameters are related to an ambient
temperature of 300 K. We can start by analysing the p-doped region of the rib. In this
case, we can consider pp >> np, thus the sheet resistance can be approximated as:

Rs ≈
5
q

Ú xj

0
p(x)µh(x)dx

6−1
. (3.8)

The junction depth xj is defined as the depth at which the implanted dopant concen-
tration reaches the bulk concentration of the sample. The hole concentration p(x) in the
p-doped sample, by assuming a complete ionisiation of dopants, can be written as:

p(x) = NA(x) + NBp , (3.9)

where NBp
is the bulk hole concentration and NA(x) is the acceptor concentration. The

first concentration that must be found is the bulk one; the SOI is p-type and the resistivity
of the unprocessed silicon layer is given, hence:

ρ = 1
σ

= 1
qNBp

µh
→ NBp

= 1
qρµh

, (3.10)

where NBp is assumed to be uniform in all the SOI, as for the resistivity. The hole mobility
µh(x), according to the Arora model [11], can be analytically expressed as:

µh(x) = 54.3 (T n)−0.57 + 1.36 · 108 T −2.23

1 +
1

NA(x)
2.35·1017 T n2.4

2
0.88 T n−0.146

, (3.11)

and similarly for electrons:

µe(x) = 88 (T n)−0.57 + 7.4 · 108 T −2.33

1 +
1

ND(x)
1.26·1017 T n2.4

2
0.88 T n−0.146

. (3.12)
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The model expresses the dependence of the mobility on both temperature T and doping
concentrations NA or ND. T n = T/300 K, therefore in this study will be simply equal to
unity. It can be shown that for low doping concentrations and for T = 300 K the mobility
is almost constant for both electrons and holes, as reported in Figure 3.6.

1015 1016 1017 1018 1019 1020
0

200

400

600

800

1000

1200

1400

Figure 3.6: Electron and hole mobility according to the Arora model [11] for T = 300 K as
a function of the dopant concentration, boron and phosphorous respectively.

Therefore, to find the bulk concentration NBp from (3.10), the hole mobility µh can be
considered constant and the bulk concentration of holes in the p-type SOI with is:

NBp = 1
qρµh

= 1.4 · 1015 cm−3, (3.13)

with µh = 459.3 cm2/V · s for a dopant concentration of 1015 cm−3. By knowing the bulk
hole concentration and considering the thermodynamic equilibrium, the mass-action law
can be applied to determine the electron bulk concentration in the p-type SOI:

np = ni
2 → NBn = ni

2

NBp
= 6.7 · 104 cm−3 (3.14)

with ni = 9.65 · 109 cm−3 intrinsic carrier concentration of silicon at T = 300 K [10]. As
already mentioned in Section 3.1, the profiles of the doping implantation were found by
means of Lumerical simulations. In order to find the dose to be implanted, that can be
set in the simulator, we can assume a constant NA(x) profile. Under this assumption, the
hole mobility µh is constant along the silicon thickness and starting from (3.11) can be
rewritten as:

µh = a + b

1 + cNA
(3.15)
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with:

a = 54.3 T −0.57
n

b = 1.36 · 108 T −2.23

c = 0.88 T n
−0.146

2.35 · 1017 T 2.4
n

.

(3.16)

Since the acceptor profile was assumed to be constant, the upper integration limit xj
in 3.8 becomes simply the 220 nm thickness of the SOI, because there is not a point in
the vertical direction in which the acceptor concentration can equal the bulk one. By
substituting (3.15) in (3.8), we get a quadratic equation for NA:

N2
A[(qRst)(ac)] + NA[(qRst)(a+ b+acNBp)− c] + [(qRst)(aNBp + bNBp)−1] = 0, (3.17)

that can be solved for the three p-regions according to the specific thickness t and the sheet
resistance Rs. Once the acceptor concentrations have been found, it can be calculated the
dose for the ion implantation to be set in sprocess. The dose is:

Q =
Ú +∞

−∞
N implanted(x)dx, (3.18)

which can be written by considering the dopants implanted in the SOI as:

Q =
Ú t

0
(NA(x) − NBp)dx. (3.19)

It turns out that, under the assumption of a uniform doping concentration along the
thickness and by exploiting the Arora model for the carrier mobility, the acceptor con-
centrations NA and the corresponding implant doses Q for the three p-doped region are:

Acceptor concentration, [cm-3] Implant dose, [cm-2]
p 3.27 · 1018 7.20 · 1013

p+ 1.51 · 1019 3.31 · 1014

p++ 5.42 · 1019 1.20 · 1015

Table 3.2: Calculated acceptor concentrations and implant doses for the three p-doped
regions of the SOI.

It is clear that from 3.19, the dose implanted in the buried oxide or other effects are not
considered. Moreover, as already reported, these values have been found for stand-alone
ion implantation processes and not for multiple ones. The final doses used in the simula-
tor are not the ones reported in Table 3.2, but they have been found starting from those
values and by taking the integral of the acceptor concentration for each implantation step,
accordingly tuning the implant doses to match with the ones in 3.2. By following this pro-
cedure and using the coefficients of the Pearson distribution function found with Lumerical,
multiple implantation steps have been simulated. A final schematic representation of the
implantation processes is shown in Figure 3.7.
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Figure 3.7: Schematic representation of the simulated implantation steps for the three
p-doped regions of the phase shifter. After each step, a cut was performed in the vertical
direction, and the integral of the acceptor concentration was calculated. Following this
procedure, the final implant doses to be set in sprocess have been found to match Table
3.2.

The same procedure shown for the p-doped regions of the phase shifter has been followed
for the n-type doping. In this case we can consider nn >> pn, therefore (3.7) can be written
as:

Rs ≈
5
q

Ú xj

0
n(x)µe(x)dx

6−1
(3.20)

with:

n(x) = ND(x) + NBn . (3.21)

By assuming again uniform doping concentration along the thickness and by combining
the electron mobility defined in (3.12) with (3.20), we obtain the quadratic equation for
ND:

ND
2[(qRst)(ac)] + ND[(qRst)(a+b+acNBn)−c] + [(qRst)(aNBn +bNBn)−1] = 0, (3.22)
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with:

a = 88 T −0.57
n

b = 7.4 · 108 T −2.33

c = 0.88 T −0.146
n

1.26 · 1017 T 2.4
n

.

(3.23)

The donor concentrations ND and the corresponding implant doses Q for the n-doped
region of the phase shifter are:

Donor concentration, [cm-3] Implant dose, [cm-2]
n 3.06 · 1018 6.73 · 1013

n+ 1.30 · 1019 2.85 · 1014

n++ 6.88 · 1019 1.52 · 1015

Table 3.3: Calculated donor concentrations and implant doses for the three n-doped regions
of the SOI.

The doses in Tables 3.2 and 3.3 can be compared with the final doses used for the
implantation reported in Table 3.1. As mentioned above, the final doses are higher because
effects such as buried oxide implantation are not taken into account in the analytical model,
which was used as a starting reference point.

3.2 Electrical simulation
Once the structure was created, the phase shifter was electrically simulated with the Sen-
taurus TM Device tool. The simulation relies in solving the Poisson equation for electrons
and holes with a Finite Element Method (FEM), i.e. a meshing of the structure is required.
The mesh is critical to achieve a reasonable simulation without drastically increasing the
computational time. An user-defined mesh was created, where finer steps were used in
critical regions such as the silicon rib or the silicon-oxide interfaces, as shown in Figure
3.8.

Figure 3.8: Mesh created for the electrical simulation of the phase shifter.

The sdevice tool allows the user to select the physical models to be implemented in the
simulation, where a very well-stocked library is available. Fermi statistics and incomplete
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ionisation were activated for all the simulations, as for the Arora mobility model and the
Auger and Shockley–Read–Hall (SRH) recombination mechanisms. The temperature of all
simulations is set at 300 K. First, the phase shifter will be simulated in the pre-irradiation
conditions, i.e. the current-voltage characteristic will be calculated and compared with
the experimental results. Subsequently, the damage induced by neutron irradiation is
implemented by means of ad hoc models that include different trap states in the silicon
band gap.

3.2.1 Pre-irradiation
Simulation of the phase shifter prior to irradiation is essential to verify that the doping
profiles generated result in a good match between the simulated and measured electrical
characteristics. The first simulation is performed under equilibrium conditions, i.e. the
phase shifter is not biased. Some relevant physical quantities calculated by the software,
such as electric field, electrostatic potential and space charge, are reported in Figure 3.9.

To compare the measurements with the simulation, the phase shifter was biased and the
current-voltage characteristic was calculated. Following the same biasing condition of the
neutron irradiation test, the phase shifter was simulated in both forward and revers bias. A
quasi-stationary simulation was performed, solving the Poisson equation for electrons and
holes at each bias point, taking into account the physical models activated in the sdevice
tool aforementioned. The comparison could not be made with the total current because
only a section of the phase shifter of the RM was simulated, therefore, the current densities
were evaluated. The surfaces considered are the PN junction area within the rib for both
the real RMs and the simulated phase shifter, which are respectively given by:

ATCAD = 0.22 µm × 0.6 µm
APIC = 0.22 µm × (2π × 5 µm) .

(3.24)

The result in forward voltage of the TCAD simulation is shown in Figure 3.10a, where
it is compared with the pre-irradiation measurements of the PICs. For all subsequent
comparisons, the current-voltage characteristics will be presented in both logarithmic and
linear scales, with the absolute value of current densities shown in the upper and lower
graphs, respectively. For low voltages, the measurements show a much higher current
compared to the simulated one. This was expected because the experimental setup of the
irradiation test did not allow precise measurements of low currents. The TCAD simulation
shows a very good agreement with the measurements in the forward current region.

The same analysis was performed for the reverse voltage; the outcome is shown in
Figure 3.10b. The simulation of the junction breakdown with the software is very critical
as various mechanisms, including avalanche generation and band-to-band tunneling, play
a crucial role.

The low-current regions simulated cannot be compared with the pre-irradiation mea-
surement results due to setup limitations. To further confirm the accuracy of the TCAD
model, precise current measurements were carried out in the laboratory after the irradiation
test, using a picoampere meter with decleared current resolution of 1 pA. Four separate
PICs were assembled to wire bond only RM 0 of each chip to the PCB, and both forward
and reverse current-voltage characteristics were collected. To collect statistical information
on process variability among silicon wafers, it was decided to select four PICs from distinct
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|Electric Field| [V*cm^-1]

0.000e+00 4.000e+04 8.000e+04 1.200e+05 1.600e+05 2.000e+05

(a) Electric field (absolute value).

Electrostatic Potential [V]

-5.445e-01 -3.247e-01 -1.049e-01 1.149e-01 3.347e-01 5.544e-01

(b) Electrostatic potential.

Space Charge [cm^-3]

-2.624e+18 -6.658e+15 -1.688e+13 5.788e+12 2.298e+15 9.054e+17

(c) Space charge.

Figure 3.9: Physical quantities of the phase shifter calculated with sdevice under equilib-
rium condition: (a) electric field (absolute value with vectorial directions), (b) electrostatic
potential, (c) space charge.

wafers. The objective of this test was also to evaluate the RM response at higher currents,
even if this led to inevitable damage to the device, especially above breakdown. For both
reverse and forward bias, currents exceeding mA were reached, which is more than three
orders of magnitude larger than the current limit set during the irradiation test. The cur-
rent saturation, resulting from the voltage drop in the low-resistivity area of the junction
is easily observable. The results with the PICs measured in the laboratory are compared
with the TCAD simulation before irradiation and are shown in Figure 3.11.
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(b) Reverse bias.

Figure 3.10: Current-voltage characteristics for RM 0 before neutron irradiation, compared
with the TCAD simulation.

The good agreement between the electrical simulation of the phase shifter and the actual
measurements provides solid validation for the methodology proposed in Section 3.1.1 to
determine the doping profiles.

55



3 – TCAD Simulation

0 0.2 0.4 0.6 0.8 1 1.2

10-5

0.1

400

0 0.2 0.4 0.6 0.8 1 1.2
0

1

2.5

4
105

(a) Forward bias.

-7 -6 -5 -4 -3 -2 -1 0

10-5

10-1

103

-7 -6 -5 -4 -3 -2 -1 0
0

4000

8000

12000

(b) Reverse bias.

Figure 3.11: Current-voltage characteristics for RM 0 from four different PICs of four
different silicon wafers, acquired with the picoampere meter, compared with the TCAD
simulation.

3.2.2 Neutron damage simulation

The modelling of neutron-induced damage to Silicon Photonics ring modulators remains an
under-researched area in the literature. As highly penetrating particles that are indirectly
ionising due to their charge neutrality, the ionisation produced by neutron irradiation
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can be attributed to either neutron absorption by nuclei or secondary ionisation resulting
from displaced atoms. It is widely recognised that the displacement of atoms induced by
neutrons is responsible for critical damage in silicon detectors for particle accelerators [30],
[40]. This ultimately triggers a process referred to as donor/acceptor removal, whereby the
initial doping concentration is effectively reduced. Collisions by fast neutrons and displaced
recoiling atoms can displace and deactivate dopant atoms, leading to a reduction in the
effective doping concentration and to the generation of different types of defects. This, in
turn, increases both leakage currents and the full-depletion voltage of silicon detectors [29].

The TCAD simulation developed for the phase shifter under study implements ad hoc
models that have been realised to describe bulk and surface damage caused by high-fluence
protons and X-ray radiations. At present, there are no specific models available to accu-
rately simulate the damage induced by high-fluence neutron irradiation at the device level
for Silicon Photonics modulators. The adopted model relies on the implementation of
trap states within the silicon band gap to replicate the radiation effect at the device level.
The “Hamburg Pentatrap Model” (HPM) [43] and the “Perugia Surface and Bulk” (PSB)
radiation damage model [12] have been developed through numerous irradiation tests on
various silicon components. They introduce different trap states in the silicon band gap,
and the characteristics were specifically defined according to the irradiation results. Both
models define single-energy level trap states, in which concentration can be calculated as
a function of the fluence by means of a specific factor (gint for HPM and η for PSB).

The models can be fully implemented using the sdevice tool by defining the trap states
for both donors and acceptors. The acceptor and donor traps remain uncharged when not
occupied, and they carry the charge of one electron for acceptors and one hole for donors
when they are fully occupied. Neither of the models is concerned with incorporating the
precise defect species into the TCAD simulation, as this would be not feasible in the tool
environment due to numerical convergence related problems. The goal of the models is
to introduce certain trap state levels to emulate the macroscopic effects observed in the
irradiated devices, i.e. the variation in the electrical characteristics due to neutron radia-
tion damage. It is worth noting that defining the actual defect species, concentration, and
distribution at high levels of neutron fluence remains challenging. Therefore, understand-
ing these features at the microscopic level is difficult. Tables 3.4, 3.5 and 3.6 show the
parameter for the two respective models.

Defect Type Energy, [eV] gint, [cm-1] σe, [cm2] σh, [cm2]
E30K Donor EC − 0.1 0.0497 2.300 · 10−14 2.920 · 10−16

V3 Acceptor EC − 0.458 0.6447 2.551 · 10−14 1.511 · 10−13

Ip Acceptor EC − 0.545 0.4335 4.478 · 10−15 6.709 · 10−15

H220 Donor EV + 0.48 0.5978 4.166 · 10−15 1.965 · 10−16

CiOi Donor EV + 0.36 0.3780 3.230 · 10−17 2.036 · 10−14

Table 3.4: Parameters from the Hamburg Pentatrap Model, for a proton fluence in the
range from 3·1014 neq/cm2 to 1.3·1016 neq/cm2 [43].
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Type Energy, [eV] η, [cm-1] σe, [cm2] σh, [cm2]
Donor EC − 0.23 0.015 2.3 · 10−14 2.3 · 10−15

Acceptor EC − 0.42 10 1.0 · 10−15 1.0 · 10−14

Acceptor EC − 0.46 1.2 4.0 · 10−14 4.0 · 10−13

Table 3.5: Parameters from the Perugia Bulk Model, for an equivalent fluence up to
1·1016 neq/cm2 [12].

Type Energy, [eV] Concentration, [cm-2] σe, [cm2] σh, [cm2]
Fixed Charge - 1.08 · 1012 - -

Acceptor EC − 0.56 ≤ ET ≤ EC 1.35 · 1012 1.0 · 10−16 1.0 · 10−15

Donor EV ≤ ET ≤ EV + 0.60 1.20 · 1012 1.0 · 10−15 1.0 · 10−16

Table 3.6: Parameters from the Perugia Surface Model at saturation, i.e. for doses higher
than 10 Mrad [31]. ET is the energy level of the trap state.

A schematic representation of the trap states that both models introduce in the silicon
band gap is shown in Figure 3.12.
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Hamburg Pentatrap Model Perugia Bulk Model

Figure 3.12: Representation of the trap states within the silicon band gap introduced by
the Hamburg Pentatrap Model and the Perugia Bulk Model.

The models were implemented in TCAD simulation and were tested for the phase shifter
under study in both forward and reverse biases. Both models are able to predict the results
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observed during the irradiation test, such as the increase in the breakdown voltage and the
reduction of the diode threshold in forward bias. However, the reverse saturation current
parameter could not be compared due to experimental setup limitations. The effective
doping reduction mechanism is expected to increase this value with irradiation because
it is directly related to the minority carrier concentrations within the junction. With a
reduction of the effective doping concentration, there will be a corresponding increase in the
minority carrier concentrations in the p- and n-doped regions, respectively, i.e. the reverse
saturation current increases. The simulation can predict this phenomenon; hence, future
irradiation tests can be improved to measure the reverse saturation current accurately. The
current-voltage characteristics of RM 0 were compared with the TCAD model starting from
the highest fluence reached, that is ϕ = 3.8 · 1016 n/cm−2, which was reached only by PIC
1. The simulation result is shown in Figure 3.13.
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(b) Reverse bias.

Figure 3.13: Current-voltage characteristics for RM 0 of PIC 1 at the highest reached
neutron fluence of 3.8·1016 n/cm2, compared with the TCAD simulation.

The simulation results are capable of representing quite accurately the effects induced
by neutron irradiation. Both forward and reverse biases follow the same trend observed
with the measured samples, and the reverse saturation current of the TCAD simulation
increases as expected. The reverse and forward biases both align with the trend observed
in the measured samples. The TCAD simulation’s reverse saturation current increases
as expected. The smoothing of the breakdown kink, already observed in the irradiation
measurements, is not well reproduced by the simulation: the reason for this may be hidden
in the challenge of accurately simulating junction breakdown. Since the variation in the
breakdown kink is typically linked to the dominant breakdown mechanism, it is a cumber-
some task to properly simulate whether avalanche generation or band-to-band tunnelling
occurred first. It must be noted that the HPM model was used for reverse bias, while the
PSB model was used for forward voltage. The Perugia model overestimated the breakdown
voltage in the reverse bias, while the Hamburg Pentatrap model underestimated the cur-
rent for the forward bias. These models have not been developed for neutron irradiation or
SiPh modulators, so perfect matching between simulations and measurements is not to be
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expected. Furthermore, simulating the entire phase shifter structure shown in Figure 3.4
under reverse bias was not feasible due to the complexity of the structure and numerical
convergence issues due to the implementation of trap states. Consequently, the simulated
device was simplified by excluding the highly doped regions and contacts, while retaining
only the p- and n-doped areas. The simplified structure for the reverse bias simulations of
neutron irradiation is shown in Figure 3.14.

Figure 3.14: Simplified structure of the phase shifter used for simulating the neutron
irradiation effects under reverse bias. The rib mesh remains unaltered.

It is noteworthy to compare the electric field at the PN junction in the high-fluence
simulation with the pre-irradiation one. The electric field helps in understanding the
previously discussed results; the breakdown of the junction can occur primarily as a result
of two mechanisms: the avalanche generation or band-to-band tunnelling. This was already
discussed in Section 2.4.1, but an insight to the calculated electric field highlights how the
absolute electric field at the junction is reduced with the irradiation models. Figure 3.15
shows the electric fields under equilibrium calculated in the pre-irradiation condition and
with the PSB model. Compared to the electric field of the non-irradiated phase shifter
depicted in Figure 3.15a, a reduction is apparent for the electric field at the junction in
Figure 3.15b. This agrees with the observed tendency for the breakdown voltage to increase
with neutron irradiation, meaning that a greater applied voltage is required to initiate the
junction breakdown. Unfortunately, these models do not alter the doping concentrations
of the phase shifter directly. As a result, it is not possible to compare the doping profiles,
and it is impossible to analyse the acceptor/donor removal mechanisms using the current
models.

Further simulations were performed, varying the concentrations of trap levels according
to the models and corresponding fluences. The general trend followed confirms the reason-
able accuracy of the simulation results compared to the measured results. Simulations have
shown higher levels of correspondence in the medium-high fluence range, approximately
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(a) Electric field (pre-irradiation).
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(b) Electric field (neutron irradiation).

Figure 3.15: Absolute electric field of the simulated phase shifter under equilibrium con-
dition in the pre-irradiation simulation (a) and with the PSB model (b) used to simulate
the neutron damage.

between ϕ ≃ 5 ·1014 n/cm−2 and ϕ ≃ 1 ·1016 n/cm−2, while higher discrepancies are shown
for low fluences. The outcomes of the simulations are compared with the current-voltage
characteristics of the irradiated PICs in Figure 3.16.

61



3 – TCAD Simulation

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

10-5

0.01

80

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

20

50

80

(a) Forward bias.

-7 -6 -5 -4 -3 -2 -1 0

10-5

10-2

101

-7 -6 -5 -4 -3 -2 -1 0
0

5

10

(b) Reverse bias.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

10-5

0.01

80

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

20

50

80

(c) Forward bias.

-7 -6 -5 -4 -3 -2 -1 0

10-5

10-2

101

-7 -6 -5 -4 -3 -2 -1 0
0

5

10

(d) Reverse bias.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

10-5

0.01

80

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

20

50

80

(e) Forward bias.

-7 -6 -5 -4 -3 -2 -1 0

10-5

10-2

101

-7 -6 -5 -4 -3 -2 -1 0
0

5

10

(f) Reverse bias.

Figure 3.16: Current-voltage characteristics for RM 0 of the irradiated PICs under different
neutron fluence levels compared with the TCAD simulations.
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Figure 3.16: Current-voltage characteristics for RM 0 of the irradiated PICs under different
neutron fluence levels compared with the TCAD simulations (continued).

In summary, the simulation of the phase shifter produced excellent results compared to
real measurements. The analytical model adopted to identify the doping profiles was veri-
fied by the simulation of the current-voltage characteristics. Furthermore, the “Hamburg
Pentatrap Model” and the “Perugia Surface and Bulk model” were adopted in the sde-
vice environment to simulate the effects induced by neutron irradiation in the tested RMs.
Simulation results were then compared with the measured data acquired during the irra-
diation test for different levels of neutron fluence. Upon comparison, a significant level of
coherence was identified between the simulations and measurements obtained. The chosen
models successfully project the trends detected in the threshold and breakdown voltages
of the devices. Moreover, the increase in the reverse saturation current, which could not
be accurately monitored during the irradiation test, supports the theoretical expectations.
The presented model could be used to improve understanding of the physical effects of
neutron irradiation in SiPh devices, ultimately aiding the design of new components to
maximize their radiation hardness.
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Chapter 4

Conclusions

The research presented in this thesis carried out an extensive characterisation on different
photonic components within a SiPh PIC developed at CERN. Neutron irradiation tests
were conducted on the devices, and electro-optic characteristics were obtained, with a
maximum neutron fluence of of 3.8·1016 n/cm2 (23 MeV). This was the highest fluence level
reached for this type of testing. The key FOMs relevant to the device characterisation were
derived from the current-voltage characteristics and the optical spectra. The results have
shown a degradation of the device responses as a result of neutron irradiation. However,
SiPh components have demonstrated good performance even at extremely high neutron
fluences, thus making them a suitable candidate for future high-speed links for HEP.

Three PICs were irradiated at different neutron fluxes, where 14 devices for each PIC
were analysed at different temperatures. A reference PIC was simultaneously tested with
the same experimental setup conditions in a radiation-free environment. The test involved
a total of 54 DUTs that were electrically measured and 16 optical waveguides whose spectra
were acquired, each containing a different bus of RMs. Despite the different neutron fluxes,
all tested devices in the irradiated PICs have shown to follow the same trend with neutron
fluence. Therefore, we can conclude that there is not significant flux dependence in the
device response.

The devices were minimally affected by varying temperature conditions (from RT to
125 ℃), and only during the post-irradiation measurements a small annealing effect was
recorded for the DUTs at higher temperatures. This irradiation test yielded a good statistic
of the device response under neutron fluence and agreement with theoretical expectations
was found.

Out of all the DUTs, greater attention was given to ring modulator RM 0, which was
the reference design and will also be the design employed for the next PIC generation.
The characterisation of this device has been further developed using a TCAD model re-
alised with the Synopsys® SentaurusTM software. An initial investigation was carried out
to determine the unknown doping profiles of the RM phase shifter, starting from the sheet
resistance and developing an analytical model based on the “Arora model” for carrier mo-
bilities [11]. The distribution of the doping profiles was then implemented by simulating
multiple ion implantation steps using the sprocess tool, combining the results of the an-
alytical model with the results of the Lumerical simulations. The TCAD structure was
then electrically simulated and compared with pre-irradiation measurements, showing good

64



4 – Conclusions

agreement. The macroscopic effects of the damage induced by neutron irradiation on the
electrical characteristics of the device were implemented in the simulation environment us-
ing two different models for radiation damage in silicon: the “Hamburg Pentatrap Model”
[43] and the “Perugia Surface and Bulk” model [12]. Both models introduce different trap
states in the silicon energy band gap, where the trap concentrations can be calculated as
functions of fluence. The simulated current-voltage characteristics were compared with the
irradiation measurements, yielding good agreement.

4.1 Future perspectives
SiPh have demonstrated to be a suitable candidate for HEP. In order to implement SiPh
PICs in the harsh environment of LHC detectors further research must be carried out.

Future irradiation tests must be conducted to analyse the response of the PIC in the
frequency domain, evaluate the bandwidth, and how radiation modifies the device response.
These tests aim to simulate the working conditions of the PIC within LHC detectors. Signal
generators will emulate the data coming from the particle sensors, while the PIC will be
interfaced with electronic chips that drive the electrical signals to the phase shifter of
the RMs. Meanwhile, the control signal will be sent from the BE electronics to the FE
apparatus, and the signals will be opto-electrically converted by Ge-on-Si photodetectors
during irradiation. Due to the complexity of the system, a comprehensive study by multiple
research teams is required to achieve reliable, high-speed and radiation-hard link systems
for HEP applications.

New irradiation tests must be conducted to validate the devices for the radiation level
expected for the high-luminosity upgrade of LHC particle accelerator for the next decades.
Therefore, in addition to neutron irradiation, it is essential to conduct proton and X-ray
irradiation tests to validate the PICs at various fluences and TID over the next years.

The SiPh PIC analysed in this study will be succeeded by the next generation of PICs,
respectively PICv3 and PICv4, which are already in the manufacturing phase. The first
challenge will be the migration from the C-band to the O-band, which will require an
extensive characterisation of the devices within this band. The forthcoming generation of
PICs will no longer rely on fibre grating coupling, as has been the case with the PIC pre-
sented in this thesis. Instead, edge coupling will be used. This eliminates the response of
grating couplers that was present in the optical spectra, but also necessitates a highly pre-
cise alignment of the fibres with the PIC to reduce losses caused by air gaps and reflections
of light.

It is fundamental to deepen the understanding of radiation damage in SiPh devices in
order to develop reliable models capable of predicting device responses. Additional research
is required to expand the available models for radiation damage in silicon and to extend
the simulations to different device families, which are currently being developed mainly
for electronic components for particle sensors. Once a reliable model has been developed,
the future design of SiPh components, such as RMs or Ge-on-Si PDs, can be optimised
in the simulator environment prior to fabrication, facilitating the efficient production of
radiation-hardened PICs for HEP applications.
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Appendix A

Scheme of the IGOR Pro
measurement loop

The code was developed to achieve a compromise between accuracy and time. The time of
each measurement cycle could not be too long; otherwise, the evaluation of the radiation
damage with the neutron fluence would have been meagre. Moreover, the variety of devices
analysed led to different specific settings for each of them, including compliances and
current limits. The high-level flow chart of the generic measurement loop scheme is reported
in Figure A.1.

The most sensitive acquisitions are the current-voltage characteristics because the aim
was to evaluate the DUTs over the entire range, thus from the forward to the breakdown.
The proper voltage limits had to be found and since they were not known a priori a se-
ries of preliminary tests were conducted before the irradiation test. However, the way in
which the final experimental conditions and the irradiation damage would have modified
the characteristics of the DUTs was unknown. Therefore, the code was developed to be
self-consistent and automatically update the scanning range after each measurement. The
first cycle, ‘run 0’, is the most time consuming but also the most accurate and is carried
out before the irradiation. From the first measurement loop, the threshold voltage and
breakdown limits are calculated for each DUT; these limits are then used to speed up the
next measurement cycles. For instance, all DUTs are mainly diodes with different specifica-
tions, but the characteristic is known. This leads to developing a code capable of acquiring
spreader measurement points in the low-current regions (both reverse saturation current
and forward) and then increasing the resolution in the proximity of the breakdown and
threshold forward voltages, finding a good compromise between measurement resolution
and speed. Moreover, new voltage limits were evaluated at each run cycle for each DUT,
to be used for the next measurement loop, and so forth.

In addition to ‘run0’, the approximate time of a complete cycle was 21 minutes, including
electrical and optical measurements, which means that each of the 56 DUTs and 16 optical
channels were measured more than 100 times during the 34 hours of neutron irradiation,
leading to a substantial number of data sets.
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A – Scheme of the IGOR Pro measurement loop
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Figure A.1: Flowchart of a single measurement loop with IGOR Pro.
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Appendix B

Mehtod for the post-processing
of electro-optical
measurements

B.1 Electrical post-processing
The current-voltage characteristics obtained for each tested device were used to derive
four FOMs: threshold and breakdown voltages, together with the current swing in the
forward and breakdown regions (which are not shown in this thesis). All the DUTs exhibit
diode characteristics; therefore, the methodology for the derivation of the aforementioned
parameters is based on a standard procedure that involves linear fitting of the current.
Concerning forward bias, the first step performed to reduce measurement noise was to
perform an exponential fitting of the I-V characteristic. Subsequently, this curve was
used to estimate the threshold voltage and the swing by performing a linear fitting in the
conduction region. To evaluate the swing, it is necessary to calculate the logarithm of
the current and then to perform again a linear fitting, to extract the slope. The swing is
defined as the inverse of the slope, i.e. for a linear characteristic can be defined as:

Swing| mV/dec = |Slope|−1 =
----d log10 I

dV | mV

----−1
. (B.1)

Figure B.1a shows the procedure followed for the post-processing of the electrical data.
The method applied in reverse is complementary but without performing exponential fit-
ting.

Exponential fitting of the characteristic was not feasible under reverse bias. Therefore, a
linear fitting was used to extrapolate the breakdown voltage. Subsequently, by computing
the logarithm of the absolute value of the current, another linear fitting was carried out to
determine the swing.

In the outcomes reported in Section 2.4.1 a stepwise profile is noticeable for some pa-
rameters (e.g. breakdown voltage). This phenomenon results from the current compliance
set during the irradiation test to protect the DUTs. In fact, since the test was intended to
measure diode currents in sensitive areas, such as breakdown, the instrument compliance
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Figure B.1: Post-processing method for the electrical measurements.

current limit was set to 1 µA for RMs and PDs. For MZMs, the current compliance limit
was set to 1 mA due to their larger physical dimensions. When the current value exceeds
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this limit, the instrument’s compliance intervenes, resulting in an impact on the actual
current, and any data exceeding this limit are not considered for the data analysis. This
results in a variation in the number of data points obtained at both voltage sides during
current-voltage measurements. However, for the forward voltage, this contribution is not
noticeable because of the exponential fitting of the characteristic, which eliminates this
issue. Even so, in analysing the breakdown, it was not possible to perform an exponential
fitting of the specific characteristic; therefore, both breakdown voltage extracted from the
linear fitting of the raw current measurements show this trend.

An example of the reverse current-voltage characteristic with different acquired data
points is shown in Figure B.1b. It is evident that when performing a linear fit to extrapolate
the breakdown voltage, the absence of a current point leads to a difference between two
consecutive measurements.

B.2 Optical post-processing
The optical spectra of the ring modulators are affected by the grating coupler response;
hence, the contribution of the latter has been deducted for the RM analysis. Grating
couplers are periodic structures that allow the light guided mode to be coupled to the
waveguide for a specific combination of incident angle and light frequency [23]. The double
grating used for both light input and output in our PICs limit the overall bandwidth and
provides a characteristic response in the optical spectrum.

The typical equations describing a GC could be used to evaluate their response and
subtract its contribution from the spectrum, but the variation of the GC due to neutron
irradiation is not well known and was out of the scope of this work to evaluate it. Therefore,
to isolate the RM resonance peaks, the approach used was to subtract the same GC response
to the optical spectrum by eliminating the wavelength in the proximity of the resonances.
By applying a mask to the optical spectra of ±1.5 nm around the RM resonance peaks,
and then interpolating the empty region, we were able to obtain a consistent GC response,
which is shown in Figure B.2a. Then, this response was subtracted from the optical
spectrum to isolate the RM resonance profiles, which are now aligned at the same power
level. This procedure ensures reliable isolation of the RM response and can be iterated on
all irradiated data without being affected by variations in the GC response. Lorentzian
fitting was then used to evaluate the resonance peaks and all FOMs of the ring, as reported
in Figure B.2b.

Note that the optical power level should be zero since we subtract the exact GC response,
resonance peaks apart, but this would not be feasible for the evaluation of the following
FOMs, such as intrinsic extinction ratio (ERi) or transmission penalty (TP). Therefore, to
be consistent throughout the analysis and considering that the spectra were acquired for
different voltages applied to the RMs, the input power was taken from the interpolated
optical spectrum corresponding to the RM resonance peak (Pin in Figure B.2a) and it was
used to shift the entire normalised spectrum. Clearly, the corresponding input power was
evaluated accordingly for each peak, i.e. for each ring modulator.
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Figure B.2: Post-processing procedure to isolate the RMs response in the optical spectrum
from the one of GCs. B.2b shows also the Lorentzian fitting of the normalised spectrum,
in particular the resonance peak corresponds to RM 0.
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