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The Silicon Photomultiplier (SiPM) is a novel solid state photon counting detector con-
sisting of a parallel array of avalanche photodiodes biased beyond their breakdown volt-
age. It has known a fast development in the last few years as a possible alternative to
vacuum photomultiplier tubes (PMTs) and conventional avalanche photodiodes (APDs).
Indeed, current research in photodetectors is directed toward an increasing miniaturiza-
tion of the pixel size, thus both improving the spatial resolution and reducing the device
dimensions. SiPMs show high photon detection efficiency in the visible and near in-
frared range, low power consumption, high gain, ruggedness, compact size, excellent
single-photon response, fast rise time and reduced sensitivity with temperature, voltage
fluctuations, and magnetic fields. Furthermore, solid-state technology owns the typical
advantages of the planar integration process, therefore, they can be manufactured at

low costs and with high reproducibility.

SiPMs performances in photon counting regime have been deeply investigated in litera-
ture, using picosecond pulsed lasers. In this regime, they can be used in applications like
positron emission tomography, magnetic resonance imaging, nuclear physics instrumen-
tation, high energy physics. An optical characterization performed via continuous wave
(CW) sources has seldom been reported even though this kind of excitation seems to be
very useful in several fields such as low power measurements, near-infrared spectroscopy

and immunoassay tests.
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In this Thesis, I perform an electrical and optical analysis of two novel classes of SiPMs
in the CW regime. After a brief introduction about the SiPM operating principle,
parameters and properties (Chapter 1), I describe my responsivity measurements made
with an incident optical power down to tenths of picowatts, monitoring the temperature
of the device packages, and on a spectrum ranging from ultraviolet to near infrared
(Chapter 2). These measurements allowed to define an innovative criterion to establish

the conditions necessary for the device to be usable in CW regime.

Chapter 3 continues with an investigation of the SiPM signal-to-noise ratio. Mea-
surements employed a 10 Hz equivalent noise bandwidth, around a tunable reference
frequency in the range 1 - 100 kHz, and were performed varying the applied bias and
the temperature of the SiPM package. These results were compared with similar mea-

surements performed on a PMT.

Once the SiPM is characterized, Chapter 4 reports an innovative application: an optical
characterization of a class of photonic crystals infiltrated with a new ethanol responsive
hydrogel employing the SiPM as a reference photodetector. This activity shows innova-
tive developments for the ethanol sensing to be applied into inexpensive and minimally

invasive breathalyzers.

Finally, Appendix A shows an electro-optical characterization of a novel class of Silicon
Carbide (SiC) vertical Schottky UV detectors. I performed responsivity measurements
as a function of the wavelength and the applied bias, varying the temperature of the

SiC package, in the 200 - 400 nm range.

The results of this work show a new approach to investigate the SiPM capabilities, the

CW regime, demonstrating its outstanding performances and innovative applications.

This Thesis was made in collaboration with the ” Advanced Sensors Development Group”
of STMicroelectronics and partially supported by the Project HIGH PROFILE (HIGH-
throughput PROduction of Functlonal. 3D imagEs of the brain), which is funded by the
European Community under the ARTEMIS Joint Undertaking scheme.



Acknowledgements

This research work would not have been possible without the support of the Laboratory
of Optics and OptoelectroniX (LOOX) research group. First, I would like to express my
deep gratitude to my tutor Professor Dr. Alessandro C. Busacca, which provided me not
only insightful guidelines and suggestions, but also the enthusiasm and the method for
the research work. Thanks for believing in me and my work, thanks for your scientific
guidance, for your valuable comments on the experimental results and for your advice.
I enjoy working with him and with the whole group at the University of Palermo. This
group exists thanks to his precious support. I will never forget what he did and he is

still doing for me.

Deep gratitude is also due to Prof. Dr. Stefano Riva Sanseverino who, together with
Prof. Busacca, gave me the opportunity to begin my PhD and helped me to define my

scientific research path.

A big thanks goes to my colleagues and friends Dr. Salvatore Stivala and Dr. Antonino
Parisi that provided their invaluable expertise during experiments, sharing with me the
long hours spent in front of the monochromator, and during the draft of the papers.
I learned a lot from their great determination, effectiveness, knowledge, assistance and

their teachings and they made me able to work independently.

I enjoyed working with Dr. Luciano Curcio and I am grateful to him for his friendship
and enjoyable technical discussions. My gratitude goes to all the LOOX members, not
only for their scientific support, but also for their friendship: Andrea Ando, Diego Agro,
Riccardo Pernice, Alessandro Tomasino, Giuseppe Morsellino, Maurizio Pinto, Riccardo
Canicatti, Vincenzo Rocca. Thanks to all these people I never felt alone and I enjoyed

a lot these three years.

Finally, I want to thank my family that always accepted and supported my choices,

always giving me sincere advice.

iv



Contents

Abstract ii
Acknowledgements iv
List of Figures vii

1 The Silicon Photomultiplier: an Unlimited Device for Future Applica-

tions 1
1.1 Theorigins . . . . . . . . e 1
1.2 The SPAD . . . . . . 2
1.3 The Silicon Photomultiplier . . . . . .. ... .. ... .. ......... 3
1.4 Main properties of the SiPM . . . . . . ... ... o oL 4
1.5 SiPM, APD and PMT: a comparison . . . . . . . .. .. .. ........ 6
1.6 Choice of operating parameters . . . . . . . . .. ... ... .. ... ... 7
2 The SiPM Responsivity in the Continuous Wave Regime 9
2.1 Introduction . . . . . . . . . . . .. 9
2.2 Description of the devices . . . . . . . . .. ... ... ... 10
2.3 Experimental results and data analysis . . . . . ... ... ... ... ... 11
2.3.1 Electrical characterization . . . . . . . .. .. ... L. 11

2.3.2 Responsivity measurements as a function of the incident optical
POWET . . . o v i e e e 13
2.3.3 Spectral characterization . . . . ... ... ... ... ....... 22
2.4 Conclusions . . . . . . . . . . e e 26
3 SNR Measurements of SiPMs in the Continuous Wave Regime 27
3.1 Introduction . . . . . . . . .. e 27
3.2 Experimental results and data analysis . . . . . .. ... ... ... ... 27
3.3 Conclusions . . . . . . . . L e 31

4 A SiPM Application: The Optical Characterization of Infiltrated Opals

for Ethanol Vapor Sensing 32
4.1 Imtroduction . . . . . . . . . . . . e 32
4.2 The Fabrication of the Photonics Crystals . . . . . .. .. .. .. .. ... 33
4.3 Experimental results and data analysis . . . . . ... ... ... ... ... 34
4.3.1 Measurements performed on the bare opals . . . . .. .. .. ... 36
4.3.2 Measurements performed on the infiltrated opals . . . . . . . ... 37



Contents vi

4.4 Conclusions . . . . . . . e 46

5 Conclusions 47

A Responsivity Measurements of SiC Schottky Photodiodes for UV Light

Detection 49
A1l Introduction . . . . . . . . . . . e 49
A.2 Device Structures and Fabrication . . . . . ... ... ... ... ..... 50
A.3 Experimental Results. . . . . . . ... ... ... 51
A.3.1 Electrical Characterization . . . ... ... .. ... ........ 53
A.3.2 Optical Characterization . . . . . . . . ... ... ... ....... 54

A4 Conclusions . . . . . . . . e e 58
B List of Publications 60
B.1 Journal papers . . . . . . . . ... 60
B.2 International conference papers . . . . . . . . ... ... .. 60
B.3 National conference papers . . . . . .. .. ... oo 61

Bibliography 63



List of Figures

1.1

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

2.15

Operating principle (a) and equivalent electronic schematics (b) of silicon
photomultiplier. . . . . . . . ... 4

(a) Schematic cross section of the N-on-P SiPM cell; P-on-N SiPM is
obtained by inverting the doping of the layers. (b) Optical microscopy
picture of the large area SiPM in SMD package. . . . . . . ... ... ... 10
Emission microscope pictures with low (a) and high (b) magnification
factor obtained on a 3.5 mm x 3.5 mm SiPM reverse biased at 3 V above
the breakdown voltage. . . . . . . . . . . . . ... Lo 11
Reverse I-V characteristics for N-on-P and P-on-N SiPMs, measured at
room temperature and in dark conditions. . . . . .. ... ... ... ... 12
Forward I-V characteristic for the N-on-P SiPM, measured at room tem-
perature and in dark conditions. . . . . . . ... ... ... ... 12
Sketch of the experimental setup for measurements of SiPM responsivity
versus incident optical power. . . . . .. .. L Lo oo 13
N-on-P SiPM responsivity vs incident optical power at A = 632.8 nm
obtained at different supply voltages and monitoring the temperature of
the SiPM package. . . . . . . ... 14
P-on-N SiPM responsivity vs incident optical power at A = 632.8 nm
obtained at different supply voltages and monitoring the temperature of

the SiPM package. . . . . . . . . Lo 15
Temperature of the N-on-P SiPM package vs incident optical power at A
= 632.8 nm and at different reverse bias voltages. . . . . . . . ... .. .. 15

Temperature of the P-on-N SiPM package vs incident optical power at A
= 632.8 nm and at different reverse bias voltages. . . . . . . . ... .. .. 16
N-on-P SiPM responsivity versus incident optical power, biasing with two
different values of the sensing resistor (50 and 100 €2), at A = 632.8 nm

and at 28.3 V.. . . . . e 17
Relative residuals of the N-on-P SiPM responsivity as a function of the
incident optical power. . . . . . . . . ... 17

Relative residuals of the P-on-N SiPM responsivity as a function of the
incident optical power. . . . . . . ... 18
N-on-P SiPM responsivity versus rate of firing cells, at A = 632.8 nm and
at different reverse bias voltages. . . . . . . . ... oL 19
N-on-P SiPM responsivity versus waste power, at A = 632.8 nm and at
different reverse bias voltages. . . . . . . .. ..o L oL 20
N-on-P SiPM responsivity versus the ratio of the overall current and the
applied overvoltage, at A = 632.8 nm and at different reverse bias voltages. 22

vii



List of Figures viii
2.16 Sketch of the experimental setup for measurements of SiPM responsivity
vs wavelength. . . . . ... oo 22
2.17 N-on-P SiPM responsivity vs wavelength at different reverse bias voltages. 23
2.18 P-on-N SiPM responsivity vs wavelength at different reverse bias voltages. 24
2.19 N-on-P SiPM responsivity vs wavelength at different reverse bias voltages,
each one normalized at its value at 669 nm. . . . . . . ... ... ... .. 24
2.20 P-on-N SiPM responsivity vs wavelength at different reverse bias voltages,
each one normalized at its value at 416 nm. . . . . . . ... ... .. ... 25
3.1 Sketch of the experimental setup for measurements of the SiPM SNR. 28
3.2 SiPM SNR versus applied overvoltage at A = 632.8 nm, lock-in amplifier
reference frequency of 100 kHz and at three different temperatures (3, 28,
75 °C) of the SiPM package. . . . . . . . . . ... 29
3.3 SiPM SNR versus temperature of the SiPM package. SNR measurements
performed on the reference PMT at room temperature are plotted to make
a comparison. The legend shows the applied bias voltages. These results
are constant in the considered frequency range (1 - 100 kHz). . . . . . .. 30
4.1 Photograph of the fabricated bare opal. . . . . . . ... ... ... .... 33
4.2 Scanning electron microphotograph of the periodic structure of the sample. 34
4.3 Sketch of the experimental setup for measurements of opal transmission
Spectra. . . . ... 35
4.4  Sketch of the black box for measurements of opal transmission spectra. . . 36
4.5 Transmission spectra of the bare opal at varying angles. . . . . . ... .. 37
4.6 Bragg peak wavelength versus angle of incidence: theoretical values and
experimental data. . . . . .. ... Lo L 38
4.7 Response of the opal to water vapor: transmission spectra. . . . .. ... 39
4.8 Response of the opal to water vapor: Bragg peak wavelength versus time. 40
4.9 Transmission spectra at a mole fraction of 9.6 x 1073. . . . . .. .. ... 41
4.10 Bragg peak wavelength versus time at a mole fraction of 9.6 x 1073, 42
4.11 Bragg peak wavelength of the infiltrated opal versus time at varying mole
fractions. . . . . . ..o 43
4.12 Transmission spectra at varying ethanol vapor concentrations after the
steady value has been reached. . . . . . . .. ... ... ... ... 44
4.13 Bragg peak wavelength at varying ethanol vapor concentrations after the
steady value has been reached. . . . . .. .. ... ... ... ... .... 44
4.14 Photograph of the infiltrated opal immediately after the measurement in
ethanol atmosphere. . . . . . .. .. L L oo 45
A.1 Schematic cross section of the 4H-SiC Schottky photodiode. . . . . . . .. 51
A.2 Optical microscope image of the package of the 4H-SiC Schottky photodiode. 52
A.3 Optical microscope image of the 4H-SiC Schottky photodiode. . . . . . . . 52
A.4 Reverse I-V characteristics for the SiC8 class, in the range -20 - 110 °C
and in dark conditions. . . . . . .. ... 53
A.5 Forward I-V characteristics for the SiC8 class, in the range -20 - 110 °C
and in dark conditions. . . . . . .. ... Lo o 54
A.6 Capacitance of the SiC8 class, measured at a readout frequency of 100
kHz and at a temperature of 25 °C as a function of the reverse bias. 55



List of Figures ix

A.7 Sketch of the experimental setup for measurements of SiC responsivity vs
wavelength. . . . . ... 55
A.8 Photoresponsivities measured at different temperatures on a typical SiC8
(a), SiC10 (b) and SiC20 (c) devices as a function of the photon wave-
length for the reverse biases of 0 V, -3 Vand -10 V. . . . .. .. ... .. 57
A.9 Comparison among photoresponsivities of the SiC8, SiC10 and SiC20 as
a function of the photon wavelength. . . . . . .. .. .. ... ... .. .. 58



Chapter 1

The Silicon Photomultiplier: an
Unlimited Device for Future
Applications

1.1 The origins

The detection of very low intensity levels of light became possible almost one century
ago when in the year 1913 Elster and Geiter invented the photoelectric tube. Only few
years later Einstein formulated the photoelectric workfunction (publishing a paper that
explained the photoelectric effect as being the result of light energy carried in discrete

quantized packets) [1].

More than 20 years passed until the first photomultiplier tube (PMT) was invented
and became a commercial product in 1936. Single photons were detectable from now
on. Further innovations have led to highly sophisticated devices available nowadays.
PMTs have different strong handicaps: they are very sensitive to magnetic fields, their
operating biases are high (hundreds of Volts), they are fragile with regard to mechanical
stress and input surges, they are not properly compact and their price is high because
the complicated mechanical structure inside the vacuum container is mostly handmade

[2, 3]. This forced research toward the finding of an alternative to PMTs [4].

The PIN photodiode was a good candidate, being used in high-energy physics. The
acronym PIN describes the structure and stands for p-doped silicon, intrinsic and n-
doped. Even with a state of the art charge sensitive amplifier, which is needed because

the device has no internal gain, the noise is at the level of several hundred electrons and
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consequently the smallest detectable light flash needs to consist of even more photons

[5].

Avalanche photodiodes (APDs), instead, show an internal gain which improves the
signal-to-noise ratio, with respect to PIN, but still around 20 photons are needed for a
detectable light pulse. The excess noise factor, being connected to the fluctuation of the

avalanche multiplication, limits the useful range of the gain [3].

At the beginning of current millennium the Geiger mode Avalanche PhotoDiode (G-
APD), also called Single-Photon Avalanche Diode (SPAD), has been developed. This
paved the way to the realization of the Silicon PhotoMultiplier (SiPM): a structure based
on a planar pixel array of SPADs capable of detecting single photons like a PMT [2, 3].

1.2 The SPAD

A SPAD is a solid-state photodetector in which a photo-generated carrier can trigger an
avalanche current due to the impact ionization mechanism. This device is able to detect
low intensity signals (down to the single photon) and to discern the arrival times of the
photons with a jitter of a few tens of picoseconds. SPADs, like avalanche photodiodes
(APDs), exploit the photon-triggered avalanche current of a reverse biased p-n junction
to detect an incident radiation. The fundamental difference between SPAD and APD is
that SPADs are specifically designed to operate with a reverse-bias voltage well above the
breakdown voltage (BV). This kind of operation is also called Geiger mode in literature,

in analogy with the Geiger counter [6].

APDs and SPADs are purposely made to be operated at high electric fields in order to
achieve an internal gain [3]. In reverse biased photodiodes, the electric field increases
with the applied voltage, causing the increase of the drift velocity and of the kinetic
energy of charge carriers injected in the depletion region. So, an electron (or a hole) can
reach an energy high enough to break a bond when colliding with lattice atoms, thus
generating a new electron-hole pair, and losing part of its energy in this process of impact
ionization. Both the original carrier and the secondary electron and hole will be acceler-
ated by the electric field and possibly contribute to the generation of more electron-hole
pairs, resulting in a positive feedback loop (avalanche) which gradually increases the
overall number of carriers. Note that this applies both to optically generated carriers
and to carriers generated by any other mechanism (e.g., thermally generated carriers)
[7]. The magnitude of the avalanche phenomenon is governed by two concurrent factors:
the carrier ionization rates, which are defined as the number of pairs created by a carrier

per unit distance travelled, and the rate at which electrons and holes leave the high-field
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region and are collected at the device electrodes. Ionization rates strongly increase with
the electric field [8].

Although silicon electrons have a higher ionization rate than holes, an electric field value
of about 3 x 10° V/em is required, on average, to create one electron-hole pair per 1 um
travelled. For bias voltages below the breakdown voltage, ionization rates are balanced
by the extraction rate, therefore, carrier concentration and output current are increased
by a finite multiplication factor, the gain, normally in the range between a few tens and a
few hundreds. This is the case of APDs, which provide an output current proportional to
the impinging light intensity. For bias voltages beyond the breakdown voltage, ionization
rates are so high that the extraction rate does not keep pace with them, therefore, the
carrier concentration and output current increase to very high values. This is the case
of SPADs, whose gain reaches values > 10° [9, 10]. When a SPAD is biased beyond
the breakdown voltage, it will stay in an OFF state for a short time, until a carrier
(electron or hole) will trigger an avalanche event bringing the device into its ON state.
The corresponding current pulse would be self-sustaining. Nevertheless, in order for
the SPAD to be useful as a photodetector, the avalanche current must to be turned
off by using proper quenching mechanisms, able to reduce the bias voltage below the
breakdown value, and to finally restore it to its initial value, so that a new incoming
photon can be detected [11]. In other words, the device operates in a binary mode
and the need for quenching/recharging introduces a dead time between two consecutive
events. The simplest way to quench the avalanche is by means of a high ohmic resistor in
series with the SPAD, so that the voltage drop, caused by the avalanche current, lowers
the SPAD bias down to the breakdown point.

1.3 The Silicon Photomultiplier

As previously reported in section 1.2, a single SPAD (operating in Geiger mode), func-
tions as a photon-triggered switch, in either the ON or the OFF state, and therefore
cannot provide proportional information regarding the magnitude of an instantaneous
photon flux. Regardless of the number of photons interacting within a diode at the same
time, it will ideally produce a signal of one impinging photon. In order to overcome this
lack of proportionality, the Silicon Photomultiplier integrates an array of small, electri-
cally and optically isolated Geiger mode photodiodes (Fig. 1.1) distributed with high
density on a common substrate. Each photodiode element in the array is referred to

2 cach microcell has

a microcell. Typically numbering between 100 and 1000 per mm
its own quenching resistor and is connected to a common analog output to produce a

summation signal [7, 12] proportional to the number of detected photons [13-15]. It
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detects photons identically and independently. The sum of the discharge currents from
each of these individual binary detectors combines to form a quasi-analog output, and

is thus capable of giving information on the magnitude of an incident photon flux.

SPAD Rquench
1 photon (b) Vbias
%V +
n photons OUT _’ n pixels

FIGURE 1.1: Operating principle (a) and equivalent electronic schematics (b) of silicon
photomultiplier.

1.4 Main properties of the SiPM

e Gain: it is the number of electron-hole pairs created in the depletion layer of the
device during an avalanche event. It is function of the overvoltage (OV) applied
to the device and of the temperature. If compared to standard vacuum PMTs,
SiPMs show a comparable gain (> 10%) with a lower operating voltage (even <30
V for the SiPM versus several hundreds of Volts for the PMT) [2, 4].

e Responsivity: it measures the electrical output per optical input. It is expressed
in units of amperes per watt of incident radiant power. Responsivity is a function
of the wavelength of the incident radiation and of the sensor properties, mainly

the bandgap of the material.

e Photon Detection Efficiency (PDE): it is given by the product of three pa-
rameters: the Quantum Efficiency (QE), the avalanche triggering probability, and
the geometrical fill factor [13]. The QE is the ratio of the number of photogener-
ated carriers to incident photons. It depends on the wavelength. The triggering
probability is the probability that an electron-hole pair in the depletion region
triggers a self-sustaining avalanche. It depends on the position where the primary
electron-hole pair is generated and on the overvoltage. The geometrical fill factor
is the ratio of the active to the total area of the device. A dead area, around each
microcell, is due to the presence of a virtual guard ring (made in order to reduce
the electric field at the edge of the diode and ensure a uniform breakdown region
in the central area of the microcell) and the structure preventing the optical cross-

talk (described below) [13, 16]. The conversion between PDE and Responsivity of
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a SiPM is achieved as follows (Eq. 1.1):

PDE) = W W« W x (1240 W x nm/A)  (L.1)
e

where the Responsivity is in A/W, G is the gain, A is in nm, h is the Planck

constant, c¢ is the speed of light in a vacuum, and e is the elementary charge.

e Dynamic range: it is the maximum number of photons that can be concurrently
detected by the SiPM. The dynamic range is limited by the number of pixels.
Indeed, regardless of the number of photons interacting within a diode at the
same time, it will ideally produce a signal of one impinging photon (as previously
observed in sections 1.2 and 1.3). Furthermore, during the recharging phase (time
interval in which the OV on the pixels progressively increases from the value of
breakdown to that of polarization) the SiPM detects photons with low efficiency,
producing an output signal lower than the standard, and making the resolution of
the charge spectrum worse. For this reason, the device works well only when the
average number of impinging photons is low enough to permit every SiPM pixel
to quench the avalanche pulse and recharge its diode capacitances before the same

pixel is fired again (section 2.3.2).

e Dark current: it is the main source of noise limiting the SiPM performances. It
mainly originates from carriers thermally generated in the depletion layer. Indeed,
an avalanche can be triggered by an incoming photon or by any generation of free
carriers. The latter produces dark counts with a rate of 100 kHz to several MHz
per mm? at room temperature. Thermally generated free carriers can be reduced
by cooling. Another possibility is to operate the SiPM at lower bias resulting in
a smaller electric field and, thereby, lower gain. Furthermore, the dark counts
can be reduced by minimizing the number of generation-recombination centers,

impurities and crystal defects [3].

e Optical crosstalk: it is well-known that the avalanche process in silicon is accom-
panied by a photon emission process. Under the usual gain setting of a SiPM, the
generated number of photons is large enough to parasitically trigger neighboring

pixels. This effect degrades the amplitude resolution of a SiPM [3].

e Electrical crosstalk: some carriers, emitted from the junction of a pixel and
diffusing to the epitaxial substrate, can reach the depletion region of the adjacent
pixels. When it happens, they can trigger spurious avalanche events. Crosstalk
can be reduced with a dedicated design of grooves between the cells which act as

an electro-optical isolation. Operation at relatively low gain is advantageous.
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o Afterpulsing: it is the last source of spurious counts and is due to charge carriers
trapped within the semiconductor during the avalanche signal and later exponen-
tially released [17]. Cooling the device results in an increase of the exponential
decay constant, and therefore, the lowest operating temperature becomes a trade-
off between the dark current and long-lasting afterpulse counts [18]. This could
represent an intrinsic limitation to the implementation of large-area SiPM detec-
tors, if one actually needs the single photon sensitivity. Nonetheless, the suitable

use of SiPMs depends strongly on a particular application.

e Recovery time: the time needed to recharge a cell after a breakdown has been
quenched. It depends mostly on the cell size (i.e., its capacity) and its quenching
resistor. Afterpulses can prolong the recovery time because the recharging starts
anew. This can be reduced operating at low gain. SiPMs need from one hundred of
nanoseconds to hundreds of microseconds after a breakdown until the amplitude of
a second signal reaches the same amplitude of the first signal. Mostly polysilicon
resistors are used for the quenching of the avalanche event. They change their
value with temperature, therefore, there is a strong dependence of the recovery

time on the temperature [3].

1.5 SiPM, APD and PMT: a comparison

Current research in photodetectors is directed toward an increasing miniaturization of
the pixel size, thus both improving the spatial resolution and reducing the device dimen-
sions. On the other hand, measurements of low photon fluxes require high responsivity.
In this scenario, SiPMs emerge as promising candidates and are considered an attrac-
tive possibility to replace both standard PMTs and conventional APDs. If compared
to standard vacuum PMTs, SiPMs show higher QE, especially in the near infrared,
low operating voltage (< 30 V) with a comparable gain (> 10%), ruggedness, compact
size and reduced sensitivity to temperature, voltage fluctuations and magnetic fields
[2-4, 14, 15, 18, 19]. Furthermore, solid-state technology owns the typical advantages
of the planar integration process: SiPMs can be manufactured at lower costs and with
higher reproducibility with respect to PMTs [20, 21]. SiPMs show several advantages
compared to APDs fabricated in conventional CMOS technology [22], such as: low bias
voltage, higher responsivity and PDE in the visible and near infrared range, excellent
single-photon response, fast rise time (<< 1 ns) and low power consumption. More-
over, SiPMs have a much higher gain than APDs (> 10% versus < 10%) [14]. Also,

with reference to the integration process, they can be used in medical imaging systems
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Design choice

Consequence

Semiconductor material

It has influence on the PDE and the
range of wavelengths

P-on-N SiPM Highest detection efficiency for blue
light

N-on-P SiPM Highest detection efficiency for red
light

Thickness of the depleted lay- | Range of wavelengths, optical

ers crosstalk

Doping concentrations Operating voltages

Impurities and crystal defects | Dark counts, afterpulses

Area of the cells Gain, geometric factor, dynamic

range, recovery time

Value of the quenching resis-

Recovery time, count rate/cell

tors

Type of resistors Temperature dependence
Optical cell isolation | Crosstalk

(trenches)

TABLE 1.1: SiPM design choices and corresponding consequences on the operating
parameters.

like Positron Emission Tomography (PET), Magnetic Resonance Imaging [23-27], Near-
Infrared Spectroscopy (e.g., oximetry) [28, 29] and in immunoassay tests [30]. On the
other hand, features like their high gain, fast timing response with low fluctuation and
high responsivity to extremely low photon fluxes [21] could open up to new SiPMs ap-
plications in a variety of fields, such as very low power measurements (less than 1 pW)
[31].

1.6 Choice of operating parameters

There are many different designs possible. In Tab. 1.1 a number of design choices are

given together with the consequences on some operating parameters [32, 33].

In this work two types of SiPM technologies are presented: P-on-N and N-on-P [34].
Each one is characterized by its own typical spectral response: P-on-N structures exhibit
a higher responsivity in the blue range, while N-on-P devices have a maximum in the
red. For applications in positron emission tomography (PET), a higher sensitivity in the
blue region is desirable, as the emission spectra of common PET scintillators peak in this
part of the spectrum [15]. Therefore, P-on-N structures would be preferable. Otherwise,
in applications like the near-infrared spectroscopy and calorimetry, the N-on-P silicon

structure would be the best choice.
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Many applications need the highest possible photon detection efficiency but they do not
need high dynamic range (photon correlation studies, fluorescence spectroscopy, single
electron LIDAR, neutrino detectors). Here, the best choice is a SiPM with P-on-N
silicon structure, large cells, small value of the individual resistors and optical isola-
tion between the cells. Other applications need large dynamic range (PET, scintillator
readout, radiation monitors). The best is P-on-N silicon structure again, with small

cells.



Chapter 2

The SiPM Responsivity in the

Continuous Wave Regime

2.1 Introduction

SiPMs performances in photon counting mode have been investigated in several papers,
using picosecond pulsed lasers [2—4, 12, 18-21, 35, 36]. Optical characterization per-
formed via continuous wave (CW) sources has seldom been reported [31, 37, 38] even
though this kind of excitation seems to be very useful in several applications. SiPMs
could be employed as very sensitive optical power meters (down to hundreds of fem-
towatts), as very cheap sensors in the immunoassay tests and, above all, as sensors in
the continuous wave near infrared spectroscopy systems for human brain monitoring
[30, 31, 38-43].

Two types of technologies are used in SiPMs: P-on-N or N-on-P [34, 44]. Each one is
characterized by its own typical spectral response: P-on-N structures exhibit a higher

responsivity in the blue range, while N-on-P devices have a maximum in the red.

In this chapter is reported the electrical and optical comparison, in CW regime, of two
novel classes of SiPMs fabricated in planar technology on silicon P-type and N-type
substrates, respectively. In particular, I will describe their characterization in terms
of I-V curves, responsivity and range of linearity. Responsivity measurements have
been performed with an incident optical power from tenths of picowatts to hundreds of
nanowatts and on a broad spectrum, ranging from ultraviolet to near infrared (340-820

nm).
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2.2 Description of the devices

SiPM fabrication technology is based on a single-photon avalanche diode (SPAD) cell.
The N-on-P (P-on-N) SiPM structures investigated in this work are fabricated on P-type
(N-type) silicon epitaxial wafers and formed from planar N*— P (PT— N) microcells. A
polysilicon quenching resistor is integrated inside each cell. Thin optical trenches, filled
with oxide and metal, surround the microcell active area to reduce cross-talk effects
between adjacent pixels. Hereinafter, I will describe the physical structure of a typical
N-on-P SiPM, since, to a large extent, the process flow of P-on-N SiPMs is obtained by
inverting the doping of the layers of standard N-on-P technology.

(a) Poly-silicon Quenching
Resistor

N* Cathode P*Anode
P~ Epitaxy Optical Trench—»

P* Substrate Schematic cross section Ui i mrec g S

FIGURE 2.1: (a) Schematic cross section of the N-on-P SiPM cell; P-on-N SiPM is
obtained by inverting the doping of the layers. (b) Optical microscopy picture of the
large area SiPM in SMD package.

The N-on-P device features a 3.5 mm x 3.5 mm active area (3600 microcells, 45 % fill
factor and 58 um cell pitch) enclosed in a 5 mm x 5.5 mm package. Fig. 2.1(a) shows
a sketch of the device cross section, while in Fig. 2.1(b) an optical microscopy image
of a large area SiPM investigated is reported. A N-P junction is fabricated on silicon
epitaxial P-type wafers through a planar process and it operates with a reverse biased
voltage, well above the breakdown value (Geiger mode). The anode is defined through a
boron implanted P-layer that forms an enrichment region in each microcell, thus fixing
the junction breakdown voltage. The anode is surrounded by an implanted P+ sinker,
that is connected to a bonding pad; hence it can be biased either from the back or from
the front side. The cathode is a 0.2 um thin N+ polysilicon layer, doped with an arsenic
diffusion, deposited on the top of the structure [45].

The passive quenching circuit is a low doped polysilicon resistor. The latter is present
in every single cell around the cathode [45] and has a typical value of 256 k€ (273 k)
for the N-on-P (P-on-N) SiPM. Other features of the fabricated devices are: a thin
junction depletion layer (about 1 pum thick); a reduced thickness (about 0.15 pm) of the

quasi-neutral region above the space charge region, in order to increase the absorption
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efficiency in the blue wavelength range; a suitable structure for optical isolation con-
sisting of thin trenches (1 pum wide) filled with tungsten and oxide and surrounding the
active area of each microcell [45]. Moreover, dedicated gettering techniques have been
integrated into the manufacturing process to reduce the defectivity in the active area
[21]. Emission microscope pictures with different magnification, reported in Fig. 2.2,
show the avalanche turn-on phase in a typical N-on-P SiPM kept in dark condition and

reverse biased at 3 V above the breakdown voltage.

FIGURE 2.2: Emission microscope pictures with low (a) and high (b) magnification
factor obtained on a 3.5 mm x 3.5 mm SiPM reverse biased at 3 V above the breakdown
voltage.

Such images were acquired by means of a Hamamatsu PHEMOS-1000 photon emission
microscope and applying a positive voltage to the SIPM common cathode metallization,
while the anode metallization was set at ground. It is worth noting the absence of hot-
spots in the microcells when the avalanche multiplication occurs with a bias just a few

volts above the breakdown value.

2.3 Experimental results and data analysis

2.3.1 Electrical characterization

Measurements of SiPM forward and reverse current, breakdown voltage and leakage
current were performed using a semiconductor parameter analyzer (Keithley 2440) at
controlled room temperature and in dark conditions. Fig. 2.3 shows the reverse I-V
characteristics for both the types of investigated structures. Breakdown voltage was
measured to be 28.0 V and 27.3 V for N-on-P and P-on-N SiPMs, respectively. The
slope of the linear region in the forward I-V characteristic (shown only for the N-on-
P SiPM in Fig. 2.4) allowed us to extrapolate the value of 256 k) (273 kQ) for the

quenching resistor of each single N-on-P (P-on-N) microcell [46].
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FIGURE 2.3: Reverse I-V characteristics for N-on-P and P-on-N SiPMs, measured at
room temperature and in dark conditions.
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FIGURE 2.4: Forward I-V characteristic for the N-on-P SiPM, measured at room tem-
perature and in dark conditions.
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2.3.2 Responsivity measurements as a function of the incident optical

power

Herein, I refer to the responsivity as the ratio of the SiPM output current (net of the
dark current) and the incident optical power without any normalization on the SiPM
gain. In order to explore the linear behavior of the devices, I first performed SiPM
responsivity measurements as a function of the incident optical power. Experimental

setup is shown in Fig. 2.5.

Attenuator Filters Mirror
=\

Flipping Mirror

HeNe Laser& Chopper
L]

PT100

Lens

7/

SiPMT| Black Box

Power supply

ﬂ.}"‘a -

PC
SpectrAcg2
.

Lock-in Amplifier Chopper Controller Multimeter SpectrAcg2

Rsensing v eee

[=

F1GURE 2.5: Sketch of the experimental setup for measurements of SiPM responsivity
versus incident optical power.

The optical power provided by a HeNe laser (A = 632.8 nm) was attenuated by means
of some neutral density filters and controlled through a half-wave plate and a Glan-
Thompson cube polarizer. This system allowed us to fine tune the optical power down
to sub picowatts. The laser beam was chopped at 183 Hz and was sent -depending on
the position of a flipping mirror- either on the active area of the SiPM under test or
on a reference PMT (Hamamatsu R928), previously calibrated and used to estimate
the optical power incident on the SiPM. The latter was biased using a stabilized power
supply and a SMD resistor (100 €2, sensing resistor), connected between the cathode and
the ground. Unlike what several papers report for pulsed measurements [18, 21|, T did
not include any other resistor in the bias line. In fact, this resistor, together with the
capacitors of the SiPM itself (or capacitors eventually present in the biasing circuit),
could behave as a low-pass filter for the SiPM response. This would limit the linear

response of the device, when working in the continuous wave regime and on a wide
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range of incident optical powers. The SiPM and the biasing circuit were located in a
metal black box, being thus shielded by ambient light and electromagnetic noise. A 25
mm focal length lens was placed between the flipping mirror and the SiPM, making sure
that the light spot covered the whole active area of the device. During measurements,
the temperature of the SiPM package was monitored with a PT100 thermistor placed
in the back side of the device. In order to perform low optical power measurements, a
lock-in amplifier was connected to both the SiPM and the PMT outputs, while a readout
system (SpectrAcq2) digitalized the signal and allowed data acquisition.

The setup described above was the same for the whole duration of the tests, ensuring
that all experiments were reproducible and all data consistent to each other. The SiPM
was biased at increasing external bias and the responsivity peak (i.e., maximum output
current, net of the dark current) was found applying a reverse bias of 35.3 V between
Responsivity measurements were performed at controlled room

temperature and are plotted in Fig. 2.6 for the N-on-P SiPM and in Fig. 2.7 for the

cathode and anode.

P-on-N, while the trend of the temperature of the SiPM package as a function of the

incident optical power is shown, respectively, in Figs. 2.8 and 2.9.
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F1GURE 2.6: N-on-P SiPM responsivity vs incident optical power at A = 632.8 nm
obtained at different supply voltages and monitoring the temperature of the SiPM
package.

I will refer only to the N-on-P technology below in this section, given that similar
considerations apply to the P-on-N. It is worth noting that responsivity shows a flat
response up to a power level which depends on the applied bias. In more detail, the
linear behavior of the device extends up to about 10 nW for a bias of 28.3 V, while it

is reduced when the reverse bias voltage increases. In the flat region of each curve the
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FIGURE 2.7: P-on-N SiPM responsivity vs incident optical power at A = 632.8 nm
obtained at different supply voltages and monitoring the temperature of the SiPM
package.
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FIGURE 2.8: Temperature of the N-on-P SiPM package vs incident optical power at A
= 632.8 nm and at different reverse bias voltages.
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FIGURE 2.9: Temperature of the P-on-N SiPM package vs incident optical power at A
= 632.8 nm and at different reverse bias voltages.

measured temperature of the SiPM package was approximately constant (around room
temperature), while it increases in the region corresponding to the slope of the curves
(Fig. 2.8). This temperature difference is quite small for lower biases (AT < 2 °C for a
bias of 28.3 V and AT < 4 °C for a bias of 28.7 V) while it strongly increases for higher
bias voltages (AT =~ 18 °C for a bias of 33.5 V). The measurement was also repeated at
28.3 V (corresponding to the maximum flat response) reducing the value of the sensing
resistor to 50 €, in order to ensure that the SiPM linear response is not influenced by
its value. I confirmed that the responsivity turnover occurs at the same optical power
(Fig. 2.10).

All the errors were taken into account and propagated, although the dominant contri-
bution came from the indetermination of the PMT calibration curve (calibration uncer-
tainty = 5 %). Measurements were carried out using a battery power supply, in order to
remove possible power line interferences. As written above, SiIPM output currents, used
to evaluate the responsivity, are net of the dark current. In particular, the PMT dark
current was negligible in all performed measurements, while the SiPM dark current was
automatically discarded by the lock-in amplifier since it is not chopped. As previously
observed, the linear range extends up to about 10 nW for a bias of 28.3 V. This result
takes into account a maximum deviation of 15% from the linear trend, detected at low
incident powers (< 10 pW). This is shown in Fig. 2.11 where I plotted the relative
residuals ((measured responsivity minus responsivity mean value in the flat region) di-

vided by responsivity mean value in the flat region) of the N-on-P SiPM responsivity vs
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incident optical power. The linear range is strongly reduced at increasing biases (up to
100 pW at 35.3 V). Fig. 2.12 depicts similar results for the P-on-N technology.

Measurements of responsivity as a function of the incident optical power can be explained
as follows. The sum of the photon rate and the dark rate in the flat regions are low
enough to permit every SiPM cell to quench the avalanche pulse and recharge its diode
capacitances (through its quenching resistor) before the same cell is fired again (because
another photon hits it again or because a dark event occurs; details about the SiPM

electrical model can be found in [45]).

Fig. 2.13 depicts SiPM responsivity versus the rate of firing cells (obtained dividing the
SiPM overall current, sum of the dark current and the photocurrent, by the product of
the SiPM gain and the elementary charge) for this class of SiPMs, at A\ = 632.8 nm and
at different reverse bias voltages. I observe the responsivity turnover occurs at the same
value except for the 35.3 V bias. This indicates that the responsivity is mainly limited
by the finite number of cells that are fired by both photon rate and dark rate, up to the
bias of 33.5 V.

At the lowest biases (i.e., 28.3 V and 28.7 V), in correspondence to 10 nW, the dark
current is very low (the photon current is about 100 % of the overall current) and the
responsivity begins to decrease mainly because of a pile up effect of the incoming photons
during the recharging phase of the SiPM microcells. In fact, during this time, the device
is not completely blind to the absorption of photons, but it is able to detect incident light

-after the quenching of each avalanche event- showing a triggering efficiency and a gain
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FIGURE 2.13: N-on-P SiPM responsivity versus rate of firing cells, at A = 632.8 nm
and at different reverse bias voltages.

directly proportional to the overvoltage (OV) at the junction. The amount of charge
produced by the microcells, when fired by photons absorbed during the recharging time,
is lower than that delivered when the recharging at the depletion layer is complete.
Furthermore, for high impinging photon fluxes, the probability that photons can be
absorbed by microcells in the recharging phase is higher, due to the limited number of
cells in the array. The combination of these effects gives rise to the saturation of the

output current, that leads to the responsivity decrease, as shown in the curves at 28.3
V and 28.7 V (Fig. 2.6).

Increasing the bias (from 30.0 V to 33.5 V), I observed the rise of the dark current due
to the rise of the temperature of the SiIPM package. The latter is caused by the increase
of the waste power, that is particularly evident at the highest incident optical powers (in
correspondence to the responsivity slopes), as shown in Fig. 2.8. The photon current
decreases down to 82.6 % of the overall current, in correspondence to the turnover
at 33.5 V. The rise of the dark current, mainly caused by thermal noise, busies the
limited number of the SiPM cells and represents the main cause of the early responsivity
decrease at the highest biases up to 33.5 V. Furthermore, as the optical power increases,
the photocurrent linearly grows because of the SiPM high gain. As a consequence,
the device temperature increases (Fig. 2.6), thus raising the breakdown voltage with a
measured rate of about 30 mV /°C. This measurement was performed locating the SiPM
in a black box (dark conditions) and employing a semiconductor parameter analyzer

(Keithley 2440). The atmosphere inside the black box was dried using silica gel. The
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temperature of the SiPM package was controlled through a Peltier cell, placed in the
back side of the device, and monitored through a PT100 thermistor.

The growth of the breakdown voltage corresponds to a lower overvoltage on the junction
that leads to a gain (and hence responsivity) reduction. The measured shift of the
breakdown voltage, in correspondence of the responsivity turnover and considering the
lowest measured temperature (19 °C) as the reference temperature, is only about 300
mV at 35.3 V (worst case) and absolutely negligible (less than 1 mV) at 28.3 V (best
case). Anyway, this is a secondary effect that could not explain alone the responsivity
turnover. In fact, as shown in Fig. 2.14, if the responsivity always turns over at the same
waste power, it would support the idea of a temperature dominated turnover (assuming

the waste power proportional to the temperature), but it does not.
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FIGURE 2.14: N-on-P SiPM responsivity versus waste power, at A = 632.8 nm and at
different reverse bias voltages.

Responsivity at 35.3 V was measured up to 200 pW. This curve represents a critical
condition for the device in terms of dark current (Fig. 2.3) and temperature (Fig. 2.8).
The percentage of the overall current due to the photon rate, in correspondence to
the responsivity turnover at 35.3 V, is only 13.6 %, very low if compared to the one
measured at lower biases. The responsivity turnover at 35.3 V is not aligned to those at
the other biases (Fig. 2.13) because of the strong increase of the current flowing through
the junction: indeed, this current is too high to ensure quenching. For this reason, the
device is working outside of the usual operation range, i.e. when the quenching resistors

sufficiently limit the current during breakdown.
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I also estimated the average number of fired cells N; corresponding to a responsivity
deviation of 20 % from the linear trend (unlike the previous definition of linear range,
up to 15 %), in order to make a comparison with the pulsed mode, as reported in
literature [46]. I considered a temporal window (At) equal to the recovery time of each
SPAD. I indicate with NV the number of cells that contribute (even partially), within this
time interval, to the overall charge (@) and with ¢ the maximum charge stored by each
SPAD at a given bias, obtained multiplying the equivalent SPAD capacity (=~ 175 {F,
typical value for this SiPM class) and the applied overvoltage. @) can be evaluated by
multiplying the measured overall current I (that is an average current) and the recovery
time (Eq. 2.1):

Q=1IxAt (2.1)

Unlike the pulsed mode, in which all the cells are triggered by the laser pulse at the same
time, in my CW case, the cells are randomly fired, so their charge pulses are uniformly
distributed in time. Hence, within At, each fired cell contributes, on average, with ¢/2

to . Therefore the number of fired cells is given by Eq. 2.2:

N:QZQXIxAt (2.2)
q

S0

The previous expression was calculated in correspondence of each turnover condition,
for all the biases employed in my measurements and assuming At = 220 ns. So NV
was obtained as the ratio of the overall average current supplied by the SiPM and the
current corresponding to the single SPAD pulse. I found the same value (N; =~ 1500)
for all the biases, with the only exception of the 35.3 V bias, in which N; &~ 700. This
further supports the hypothesis that the responsivity is limited by the dynamic range
(number of cells) of the SiPM up to 33.5 V and that the turnover condition occurs when
about 42 % of cells are fired. This condition is quite close to the common definition of
the maximum usable range of SiPM in pulsed mode, i.e., when 50 % of cells are fired
[46]. A more practical parameter to define this usable range in the CW regime is the
maximum ratio of the overall current and the applied overvoltage. For the N-on-P device
this parameter resulted around 0.6 mA/V (Fig. 2.15).

The measured dependence of the responsivity with respect to the incident optical power
permits to use the SiPM as a very sensitive power meter with a dynamic range from
sub picowatts to several nanowatts, for lower reverse biases [31]. This is an outstanding
feature that can be exploited, for example, in those medical imaging systems where
such a huge dynamic range is mandatory, being the detected optical power significantly

variable with the distance between the detector and the source [42].



Chapter 2. The SiPM Responsivity in the Continuous Wave Regime 22

Y
o

RN
o

T
- e —28.7V}
% o : ”‘*\" —30.0V|
£1O XXX x X X x o 315\/:
2 XWX XX i R 33.5V]
= Tk —35.3v]
§.108 » " e X
) , e S
i e e LUV O ) ]
Q- 10’ ' .. ST |
b :
6 : I
10 S BN
107 107 10" 10° 10"

Overall current / OV [mA/V]

FIGURE 2.15: N-on-P SiPM responsivity versus the ratio of the overall current and the
applied overvoltage, at A = 632.8 nm and at different reverse bias voltages.

2.3.3 Spectral characterization

In order to evaluate the SiPM responsivity on a broad spectrum and at different bias

voltages, I used the setup in Fig. 2.16. The white light coming out from a xenon lamp

Xenon Lamp  Attenuator Chopper Monochromator

Black Box

PMT

Power supply
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L)

)
Lock-in Amplifier Chopper Controller Multimeter SpectrAcq2

FIGURE 2.16: Sketch of the experimental setup for measurements of SiPM responsivity
vs wavelength.

was attenuated via a circular variable neutral density filter and spectrally filtered by a
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monochromator. The output monochromatic light was sent to the SiPM under test or
to the reference PMT, according to the position of a flipping mirror placed inside the
monochromator and controlled via software. As in the case of measurements reported
in the previous section, the SiPM and its biasing circuit were located in a metal black
box and a lock-in amplifier was used to reduce noise. In order to obtain a uniform
illumination of the SiPM active area, I set the slit widths of the monochromator at 1
mm (corresponding to a spectral resolution of about 2 nm) and used a 25 mm focal length
lens. Spectral measurements were performed from 340 to 820 nm, with a wavelength

step of 2 nm.

The attenuated optical power of the xenon lamp, incident on both the PMT and the
SiPM, spanned over the 60 - 100 pW range, in order to let the SiPM work in the
linear region (see Figs. 2.6 and 2.7). I employed some narrowband filters (FWHM =
10 nm) placed in front of the exit slits, to verify that second orders of unwanted light
(diffracted by the grating in the same position) were negligible and did not invalidate

my measurements.

Responsivity was calculated dividing the SiPM photogenerated current by the incident
optical power, the latter being estimated from the calibrated PMT photogenerated cur-
rent. The same considerations concerning the dark current, reported in section 2.3.2,
apply: it was negligible for the PMT, while it was automatically discarded by the lock-

in amplifier for the SiPM. In Fig. 2.17 I report my responsivity measurements for the
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FIGURE 2.17: N-on-P SiPM responsivity vs wavelength at different reverse bias volt-
ages.

N-on-P device, carried out in the abovementioned spectral range and at different reverse

bias voltages, showing a peak around 669 nm. As expected, I found the highest values
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FIGURE 2.18: P-on-N SiPM responsivity vs wavelength at different reverse bias volt-
ages.

of responsivity for the same bias reported in section 2.3.2 (35.3 V) with a maximum
value of about 2.9 x 10° mA/W. Fig. 2.18 reports the responsivity measurements for
the P-on-N device, showing a peak at 416 nm corresponding at a value of about 7.0 x

10° mA/W. In Figs. 2.19 and 2.20 I also show the same responsivity measurements,
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FIGURE 2.19: N-on-P SiPM responsivity vs wavelength at different reverse bias volt-
ages, each one normalized at its value at 669 nm.

normalized at their values at, respectively, 669 nm and 416 nm, to better highlight how

the spectral shape changes at different biases.
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FIGURE 2.20: P-on-N SiPM responsivity vs wavelength at different reverse bias volt-
ages, each one normalized at its value at 416 nm.

The measured wavelength dependence of the N-on-P SiPM responsivity can be explained
as follows. Most of the power in the blue light range is absorbed within the first 200 nm
of silicon, i.e. most photons in this range are absorbed in the quasi neutral region (about
150 nm thick) above the depletion region of the device. Only some of the holes produced
by the blue photons diffuse into the high field region and trigger the avalanche with a
considerably lower probability than for an electron. The responsivity peak is in the red
light range, thanks to the contribution -to the total measured signal- of the minority
carriers (i.e., the electrons) photogenerated in the p-doped epitaxial layers below the
junction depletion layer (down to about 3 pum). These carriers can in fact drift towards
the lower edge of the depletion layer before being accelerated by the electrical field and,
in case, trigger the avalanche pulse. It is well known that the electrons in silicon have
a higher diffusivity and impact ionization rates than holes and this makes noteworthy
their contribution to the measured signal. In Fig. 2.19, I observe that the responsivity
remains substantially unchanged at increasing bias voltages, with a slight increase in
the blue range. At increasing biases the depletion region of each SPAD widens in the
n-doped layer, being the p-doped layer fully depleted once the cell is biased above the
breakdown. The spectral changes in the blue are due to a decreasing thickness of the
N-+ Poly layer. Thus, more holes have a chance to get into the avalanche region and,

above all, the probability that these holes produce a breakdown increases.

Light in the near infrared range penetrates deeper into the non-depleted bulk, reducing
the probability of reaching the depletion region due to the higher recombination (typical
diffusion lengths are ~ 10 um) [32, 47-49]. The responsivity increases with the bias
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voltage in the linear region of the reverse I-V characteristic (Fig. 2.3), while it decreases
in the saturation region (i.e., reverse bias above 35.3 V) because of the strong rise of
the dark current (curves are not shown). In the P-on-N device (Figs. 2.18 and 2.20),
shorter wavelength (blue) photons, due to their higher absorption in silicon, will tend
to interact in the first p-type layer, producing electrons (i. e. minority carriers) that
move toward the junction under the influence of the electric field. Conversely, longer
wavelength (red) photons travel deeper into the material and will tend to be absorbed
by the N layers, and the generated holes will drift toward the junction. The trigger
efficiency is then reduced [44]. P-on-N structures thus exhibit a higher responsivity at

shorter wavelengths.

Such a responsivity response, together with low cost, low supply voltage, high gain and
low noise of the SiPMs, makes them good candidates for a variety of applications (e.g.

oximetry, immunoassay and PET).

2.4 Conclusions

In this chapter I reported the electrical and optical characterization, in CW regime,
of two novel (3600 channels) P-on-N and N-on-P SiPM classes. In particular, I have
reported SiPM responsivity measurements as a function of the incident optical power
from hundreds of nanowatts down to sub picowatts, at A = 632.8 nm, monitoring the
device package temperature. I found that responsivity exhibits a flat region whose
extension depends on the applied reverse bias voltage. The linear behavior of both
classes of devices extend up to about 10 nW for the lowest applied biases, while it is

reduced when the reverse bias voltage increases.

As regards the N-on-P class, I demonstrated that, up to a bias of 33.5 V, the responsivity
decreases because of the limited number of cells that are fired by the photon rate and
the dark rate. At higher biases other phenomena occur, thus further reducing the linear
range. Similar results apply to the P-on-N class. These measurements allowed to define
an innovative criterion to estimate the average number of fired cells in CW regime and
to establish the conditions necessary for the device to be usable in that regime. Results
show the outstanding performances of the fabricated SiPMs even at very low photon

fluxes and low bias voltages.

Moreover, responsivity measurements on a broad spectrum and at different reverse bias
voltages were shown: I found the responsivity peaks in the red and in the blue ranges
for the N-on-P and the P-on-N classes, respectively. A physical interpretation of all the

responsivity results was also provided.
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SNR Measurements of SiPMs in

the Continuous Wave Regime

3.1 Introduction

Most of the current literature covers the usage of SiPMs for single photon counting,
using picosecond pulsed lasers [2—4, 12, 18-21, 35, 36] and, therefore, the dark noise is
the main noise source. However, applications like NIRS [30, 31, 38—43] require the usage
of SiPMs in the CW regime and for analog mode measurements. Measurements of low
photon fluxes require high responsivity and a remarkable Signal-to-Noise Ratio (SNR).
Therefore, even if it has been scarcely discussed, it is crucial to analyze the SNR also in
CW conditions, putting in evidence the main differences with the pulsed regime. Indeed,
when operating with CW light with very low intensities, the shot noise resulting from

statistical fluctuations of the photons has to be considered [50-52].

In this Chapter, the SNR performances have been studied in the CW regime of the N-
on-P SiPM presented in chapter 2. In particular, SNR measurements were performed
as a function of the applied bias, of the reference frequency and of the temperature of
the SiPM package. Also, similar measurements were performed on a PMT, in order to

make a comparison.

3.2 Experimental results and data analysis

In the following measurements, SNR of SiPMs is given by the ratio of the photogenerated
current, filtered and averaged by a lock-in amplifier, and the rms deviation of the same

current. I employed a 10 Hz equivalent noise bandwidth, around the lock-in amplifier

27
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reference frequency. The measured noise takes into account the shot noise, resulting
from the photocurrent and the dark current, while background light is not present in

my setup.

The experimental setup is shown in Fig. 3.1. The optical power provided by a HeNe
laser (A = 632.8 nm) was attenuated using some neutral density filters and controlled
through a half-wave plate and a Glan-Thompson cube polarizer. This system allowed to
fine tune the optical power down to few picowatts. The laser beam was sent - depending
on the position of a flipping mirror - either on the active area of the SiPM under test
or on a reference PMT (Hamamatsu R928), previously calibrated and used to estimate
the optical power incident on the SiPM. The latter was biased using a stabilized power

supply and a SMD resistor (50 2, sensing resistor), connected between the cathode and

the ground.
HeNe Laser& Chopper ;ttenuator Filters ~ Mirror
o —=m \
PT100 Lens
Flipping Mirror
Peltier Cell / /
SiPM]| Black Box <
—® PMT
@.=% Power supply
@ e
29 8! Rsensing Q eee
Scope l_‘:.,
- - < | ® oo 5 SpectrAcqg2
OCCzaas  ssas aall .
i Chopper
Lock-in Amplifier Controller Waveform SpectrAcq2

Generator

FIGURE 3.1: Sketch of the experimental setup for measurements of the SiPM SNR as
a function of the applied bias, of the reference frequency and of the temperature of the
SiPM package and performed in the CW regime.

The SiPM and the biasing circuit were located in a metal black box, being thus shielded
by ambient light and electromagnetic noise. A 25-mm focal length lens was placed
between the flipping mirror and the SiPM, making sure that the light spot covered the
whole active area of the device. During measurements, the temperature of the SiPM

package was controlled through a Peltier cell placed in the back side of the device and
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a PT100 thermistor, placed on the Peltier cell, allowed us to record the temperature of
the SiPM package. To perform low optical power measurements, a lock-in amplifier was
connected to both the SiPM and the PMT outputs, while a readout system (SpectrAcq2)

digitalized the signal and allowed data acquisition.

SiPM SNR is given by the ratio of the SiPM current and the rms deviation of the same
current. I employed a lock-in amplifier and an optical chopper system (working at a
frequency of 183 Hz) in order to acquire the average SiPM current after noise removal.
The rms deviation was obtained with the lock-in amplifier set in the "noise” mode. In
my measurements, I employed a 10 Hz equivalent noise bandwidth, around the lock-
in amplifier reference frequency, the latter supplied by an Agilent 33220A waveform
generator. The measured noise takes into account only the shot noise, resulting from
the photocurrent and the dark current, while background light is not present in my setup
because adequately shielded. Measurements were performed with a constant incident
optical power of 11 pW, to be sure the SiPM behavior was linear up to, at least, 35.3 V
[37, 48, 49].
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Ficure 3.2: SiPM SNR versus applied overvoltage at A = 632.8 nm, lock-in amplifier

reference frequency of 100 kHz and at three different temperatures (3, 28, 75°C) of the

SiPM package. The legend shows the applied reverse bias voltages. Blue, green and red

outer circles indicate measurements performed at the temperature of 3, 28 and 75°C
respectively.

Fig. 3.2 shows the SiPM SNR versus the applied overvoltage at A = 632.8 nm and at
three different temperatures (3, 28, 75 °C) of the SiPM package. The legend shows the
applied reverse bias voltages between the anode and the cathode of the device. Each
3-points curve is characterized by the same bias voltage, while the applied overvoltage

(OV) has been estimated taking account of the breakdown voltage (28.0 V at room
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temperature) shift with temperature. The same figure exhibits a quasi-flat trend up to
an OV of about 5 V. At higher OVs, I observe the SNR decrease, mainly due to the

strong increase of the shot noise.
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F1cURE 3.3: SiPM SNR versus temperature of the SiPM package. SNR measurements

performed on the reference PMT at room temperature are plotted to make a compar-

ison. The legend shows the applied bias voltages. These results are constant in the
considered frequency range (1 - 100 kHz).

Fig. 3.3 depicts the SiPM SNR as a function of the temperature of its package and at
different bias voltages. In the case of room temperature, I also compared SiPM SNR with
PMT SNR. SiPM performance are outstanding, since its SNR is only ~ 5 dB below the
PMT SNR, at the same temperature. Moreover, cooling the SiPM package, by means
of a Peltier cell, at a temperature of 3 °C, it reaches the PMT SNR values. This result
is achieved biasing the SiPM up to 31.5 V against a bias up to 950 V for the PMT.
Finally, I repeated the measurements at different lock-in amplifier reference frequencies
in the range 1 - 100 kHz. I found the same results shown above and, therefore, I can

conclude that SiPM SNR is constant in the explored frequency range.

Results have been compared with the theoretical law in Eq. 3.1 [51]. This expression
correlates the output shot noise current Ig with the overall output current Ip, where e
is the electron charge, F' is the Excess Noise Factor of the SiPM (F =~ 1, provided by
STMicroelectronics) or the Noise Figure of the PMT (F =~ 1.3, provided by Hamamatsu
Photonics), B is the frequency bandwidth of the noise measurement system (B = 10 Hz)
and p is the gain of the SiPM (provided by STMicroelectronics) or the PMT (provided
by Hamamatsu Photonics). The comparison between the experimental data and the
theoretical values showed good agreement, therefore I could infer that the measured

output noise current is actually the output shot noise current Ig.
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Is = +/2eloFBpu (3.1)

Measurements of SiPM and PMT dark currents have also been performed employing an
Agilent 34401 A multimeter (sensitivity of the whole setup down to 0.15 nA). The SiPM
exhibited an ascending trend with the reverse bias, as previously reported in section
2.3.1 (Fig. 2.3), reaching values up to a few milliamperes at the highest voltage (36 V),
while the PMT output was negligible at all the applied biases (up to 950 V). However,
the SiPM output dark offset, unlike the shot noise output, can be eliminated through

external DC offset removal circuits.

3.3 Conclusions

In this chapter, I investigated the SNR, in CW regime, of a novel 3600 channels SiPM
fabricated on a silicon p-type substrate. In particular, I showed, for the first time, my
SiPM SNR measurements as a function of the applied bias, of the reference frequency
and of the temperature of the SiIPM package. Similar measurements were also performed
on a PMT, in order to make a comparison. A 10 Hz equivalent noise bandwidth was

employed, around the lock-in amplifier reference frequency.

I have found that the SNR is independent from frequency in the evaluated range 1 -
100 kHz. My results highlight the outstanding performance of this class of SiPMs, even
without the need of any cooling system. Indeed, their SNR is only ~ 5 dB below the PMT
SNR at room temperature. Furthermore, cooling the SiPM package at a temperature
of the Peltier cell of 3 °C, it reaches the PMT SNR values at room temperature, even if
the SiPM is biased in the range of 28.7 - 33.5 V, against a bias value up to 950 V of the
PMT. A physical interpretation of the results was also provided.



Chapter 4

A SiPM Application: The Optical
Characterization of Infiltrated

Opals for Ethanol Vapor Sensing

4.1 Introduction

In this Chapter, an innovative application of the SiPM is reported: an optical charac-
terization of a class of photonic crystals (PCs) infiltrated with an innovative stimuli-
responsive hydrogel employing the SiPM as a reference photodetector. The Hydrogel
based PCs under investigation have been developed by the research group of the Prof.
Clelia Dispenza of the Department of Chemical, Industrial, Computer, Mechanical En-
gineering (DICGIM) of the University of Palermo. After a brief summary (section 4.2)
regarding the fabrication process, I will describe the measurements performed on the
bare opals and on the infiltrated opals, providing physical explanations of my results

(section 4.3).

At the beginning, I performed transmission measurements on bare opals in function of
their position and of the incident angle, in order to test the quality and uniformity of

the fabricated template.

Subsequently, I carried out optical transmission measurements on the hydrogel-infiltrated
opals. Similarly to the bare opals, measurements at varying positions and angles of in-

cidence were taken.

Finally, I a series of measurements have been performed to test the potential of the infil-

trated opal as active material for ethanol vapor sensing and to determine its sensitivity.
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4.2 The Fabrication of the Photonics Crystals

The PCs were obtained through the vertical deposition method (the most widely used),
that, although is a relatively slow process (1-2 days to complete), provides the highest
optical quality. It is based on the evaporation of the liquid forcing the spheres to
arrange in the meniscus formed between a vertical substrate, the suspension and the
air. The main advantages of this method are a precise control over the thickness and
a superior crystalline quality of the structures. Despite the fact that this approach is
affected by concentration gradients, which can lead to disturbances of the structures
(e.g. growth defects and disordered domains), it has the advantage to be very simple
and straightforward and it yields to significant portions of the casted film with fairly
regularly packed nanoparticles [53]. The vertical deposition method was selected among
the various possible techniques for the purpose of this first exploratory study, in order

to obtain the highest optical quality for the fabricated PCs.

In order to fabricate the infiltrated opals, a two-step process was followed. We first
obtained a crystalline colloidal array through self-assembly of monodisperse polystyrene
nanoparticles to form a face centered cubic (fcc) lattice (i.e., bare opal). The final bare
opal, depicted in Fig. 4.1, is 1 cm large and 1.2 cm long, while its thickness is about
650 nm. Fig. 4.2 displays a scanning electron micrograph of the fabricated bare opal,

showing the good homogeneity and regularity of the structure.

FIGURE 4.1: Photograph of the fabricated bare opal.

The obtained bare opal was subsequently infiltrated with the ethanol-responsive hydro-

gel precursors and the latter were then crosslinked via UV photo-polymerization. The
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10.00 kV

FIGURE 4.2: Scanning electron microphotograph of the periodic structure of the sam-
ple.

infiltration process of the hydrogel was followed by the color change of the deposit from
white to colorless. When infiltration was completed, a quartz slide was placed on top
of the deposit to reduce uncontrolled accumulation of material on the surface and to
limit water loss during photo-polymerization. Irradiation was carried out using a UV
irradiator, equipped with a high-pressure Hg lamp. The temperature inside the chamber
was controlled during the process. After photo-curing, a thermal post-curing treatment
was carried out in an oven. After removal of the topcover, samples were equilibrated
in bidistilled water at room temperature. Details about the fabrication are extensively
explained in [43, 54].

4.3 Experimental results and data analysis

In order to perform the optical characterization of the samples, the set-up depicted in
Fig. 4.3 was used. The white light coming from a Xenon lamp was spectrally filtered by
a monochromator (Horiba Jobin Yvon FHR 1000) and focused onto the opal through a
50 mm focal length lens. The monochromator possesses a spectral resolution of 0.008 nm
when the slits width is set to 10 um. Optical transmission measurements were performed
in the 400-700 nm range with a wavelength step of 1 nm, dividing the transmitted power

by the incident one.
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FIGURE 4.3: Sketch of the experimental setup for measurements of opal transmission
spectra.

A N-on-P SiPM (described in chapters 2 and 3) [37] was used as a detector and it was
connected to a lockin amplifier that, together with a chopper, helped to reduce noise.
The sample, the lens and the SiPM were enclosed in a black box during the measure-
ments, in order to isolate the detection stage from external light and electromagnetic

noise.

The choice of the SiPM was due to different reasons. First of all, its outstanding per-
formances in terms of high gain and responsivity were necessary. Indeed, transmission
measurements involved very low light intensities, always inside its range of linearity (see
section 2.3.2). Furthermore, the area of the light beam was smaller than the active area
of the device and always impinged inside it. Finally, if compared to PMTs and APDs,
the SiPM exhibits the advantages discussed in section 1.5.

To obtain the optical characterization of the infiltrated opals at different ethanol vapor
concentrations, the basic set-up was modified as follows. A 100 em? sealed polyethylene
box, possessing two fused silica windows (to allow the passage of light) and a small hole,
connected to the outside through a hose (to introduce liquids), was placed inside the
metallic black box, between the lens and the SiPM (Fig. 4.4).

The sample was positioned inside the box, hung from its top, so that transmission
measurements could be performed while the sample was exposed to a controlled vapor
atmosphere created by a layer of liquid, filling the bottom of the box. Particular care was
taken to avoid any contact between the sample and the liquid phase. The temperature
of the black box was monitored by a PT100 thermistor, to ensure that it was constant

during all the measurements.
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FIGURE 4.4: Sketch of the black box for measurements of opal transmission spectra.
4.3.1 Measurements performed on the bare opals

In order to test the quality and uniformity of the fabricated template, transmission
measurements on bare opals, in function of their position and of the incident angle, were

performed.

The chosen fabrication process provides a good uniformity on the horizontal axis (Fig.
4.1). On the contrary, due to the progressive modification of nanoparticles dispersion
concentration upon solvent evaporation, there may be variations in the quality of the
deposited film along the vertical axis. For this reason, a first series of transmission
measurements was performed at normal incidence by varying the vertical position from
the top edge of the opal (first deposited part), with a step of 0.5 mm. For each measured
transmission spectrum, the Bragg peak wavelength, the Full Width at Half Maximum
(FWHM) and the depth of the gap were estimated. It was observed that the Bragg
resonance was centered around 508 nm (£ 3 nm) for each position. Small variations
also occurred on the FWHM (42 £+ 6 nm) and depth of the gap. From these results, it
can be claimed that the sample shows a good homogeneity and exhibits its best optical
properties (i.e., smaller FWHM and deeper gap) in the first deposited layers of the
fabricated bare opal, as it would be expected, being only minimally affected by changes

in dispersion concentration upon solvent evaporation.

Subsequently, a second series of measurements was carried out in correspondence of the
vertical opal position that showed the best optical properties, by varying the angle of
incidence (from 4° to 41.5°). These measurements have a double goal: they represent
a further test on the optical quality of the opal, and they also provide an indirect
measurement of the PS sphere diameter. The latter is an important parameter, useful

to achieve the effective index of the infiltrated opal.

The results are shown in Fig. 4.5: at increasing angles of incidence, the Bragg peak is
blue-shifted, from Ag = 510 nm at ©® = 4° to A\p = 457 nm at © = 41.5°. It is worth

noticing that, at angles greater than 40°, a change in the shape in the spectrum can be
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observed. This is related to the interplay of the stop band and of the excitation of the
photonic modes observed in the density of states, which takes place for large angles of
incidence [55]. Moreover, scattering becomes relevant, causing a strong reduction of the

transmitted light intensity.
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FIGURE 4.5: Transmission spectra of the bare opal at varying angles.

Measurements are in good agreement with the theoretical behavior of PCs. In fact, as
known, because of the Bragg diffraction, the transmission spectrum of an opal presents a
minimum peak, whose position is described by the general relation that combines Snell’s

and Bragg’s laws. More details are available in [43, 54, 56-59].

My experimental data were compared with the theoretical position of the Bragg wave-
length, using the sphere diameter as the only fit parameter (see Fig. 4.6) [43]. The
best fit value for the diameter of the nanoparticles is 213 nm, that falls within the range

provided by the nanoparticles supplier.

As it can be seen, the agreement between the theoretical curve and the experimental
data is very good. Error bars in figure (about 2 nm) are mainly due to the spectral
resolution of the monochromator, since, in order to have enough optical power, its slits

aperture was set to 1 mm.

4.3.2 Measurements performed on the infiltrated opals

I carried out optical transmission measurements, on the hydrogel-infiltrated opals, on
samples equilibrated in air at a temperature of 23.8 °C and relative humidity of 45% for

minimum 24 h. In order to verify that the infiltration process did not alter the periodic
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FIGURE 4.6: Bragg peak wavelength versus angle of incidence: theoretical values (red
curve) and experimental data (black circles). Blue lines are the error bars (£ 1 nm).

structure of the bare opal, I performed measurements at varying vertical positions and
angles of incidence. The Bragg resonance at normal incidence was now centered at 548
(£ 6) nm, with a red-shift of 40 nm with respect to the bare opal. The performed
measurements at varying vertical positions (here not shown) indicate that the periodic
structure was preserved with a fairly good uniformity. Similarly to the bare opal, in cor-
respondence to the position that showed the best optical properties (again in the first
deposited layers near to the up edge of the fabricated opal), measurements at varying
angles of incidence were taken. Bragg peak is blue-shifted at the increase of the angle
of incidence, in accordance to the general relation that combines Snell’s and Bragg’s
laws [43], similarly to the direct bare opal. Parallel measurements and calculations per-
formed by other members of the research group through a fully-automated refractometer
(Metricon Model 2010/M Prism Coupler), allowed to obtain accurate values of the re-
fractive index and of the filling factor [60] for the infiltrated opal (respectively, 1.513
and 0.225), as described in [43, 54].

Subsequently, I executed a series of measurements to test the potential of the infiltrated

opal as active material for ethanol vapor sensing.

The hydrogel used to infiltrate the bare opals is expectedly swollen by water, retaining
some hydration when exposed to the air, but - more interestingly - it is further swollen

when exposed to ethanol vapor. This property is especially interesting in view of the
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potential application of this sensing material in breathalyzers, where water vapor is one
of the main components of the analyte, in addition to ethanol and a number of others
components present in lower concentrations. For this reason, in order to analyze the
optical response of the infiltrated opal at varying concentrations of ethanol vapor, it is

of outmost importance to first study its behavior in the presence of water vapor.

The sample, in equilibrium with air at a temperature of 23.8 °C and relative humidity
of 45%, was placed within the sealed box. Then, distilled water was inserted into the
box through the hose and transmission measurements were taken at normal incidence,
approximately every 10 minutes. During the whole process, the temperature inside the

black box was continuously measured, resulting approximately constant (about 24 °C).

In the chosen experimental conditions, the time required for establishing the liquid-vapor
equilibrium inside the small box is expectedly much lower than the time required for the
sample to reach the equilibrium swelling conditions in the new environment. Therefore,
vapor phase composition changes can be neglected. As shown by the transmission spec-
tra depicted in Fig. 4.7, the Bragg peak wavelength was red-shifted (from 543 nm at t
= 0 min to 576 nm at t = 220 min), while the transmittance decreased. After 220-250
minutes, there were no more significant variations of the spectra, so it can be assumed
that the infiltrated hydrogel reached its equilibrium swelling condition. The increase of
the Bragg peak wavelength as a function of the time (Fig. 4.8) can be explained by
the progressive increase of the relative distance among polystyrene beads in the periodic
structure of the infiltrated opal, as a result of further swelling of the hydrogel in the

watervapor saturated atmosphere.
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FIGURE 4.7: Response of the opal to water vapor: transmission spectra.
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FIGURE 4.8: Response of the opal to water vapor: Bragg peak wavelength versus time.

By using the above-mentioned refractometer, other members of the group measured the
refractive index of the hydrogel exposed to water vapor, obtaining the value of 1.468 for
the refractive index. Therefore, the latter decreases when the hydrogel absorbs water
vapor. This leads to a dielectric contrast increase for the photonic crystal (being the
refractive index of the polystyrene independent on the water concentration). As known
[61, 62], both the FWHM of the stop band and the peak depth increase with higher

dielectric contrasts, thus explaining the behavior of the curves in Fig. 4.7.

In addition, an overall decrease of the transmission is observed, even far from the stop
band. This can be explained as follows: the infiltrated opal maintains an unwanted,
although very thin, layer of non-structured hydrogel on its surface. When exposing the
sample to water vapor, the hydrogel noteworthy increases its surface roughness, which
produces a stronger light scattering. The latter, together with the finite area of the
employed photodetector, explains the trend shown in Fig. 4.7.

The transmission spectrum of the water-saturated infiltrated opal was used as a reference
for subsequent measurements carried out in the presence of both water and ethanol

vapors.

Liquid ethanol was progressively added to water into the bottom of the box. At any step
of addition, a new series of transmission measurements was taken, approximately every
10 minutes, until the new equilibrium swelling condition for the sample was reached. This

procedure was repeated four times at gradually increasing values of ethanol concentration
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o FEtOH in the H50 in the EtOH in the Measured
Liquid phase vapor phase vapor phase Bragg peak
vapor phase
(vol:vol) (mole (mole (ppm) wavelength
fraction) fraction) PP (nm)
1:9 9.6 x 1073 0.0300 15220 611
2:9 16.3 x 1073 0.0295 26000 638
3:9 21.0 x 1073 0.0289 33360 656
4:9 24.7 x 1073 0.0284 39033 669

TABLE 4.1: Conditions of the optical transmission measurements on the hydrogel-
infiltrated opals.

in water (for each solution I reset the initial time, t = 0 min). Measurement conditions

are summarized in Tab. 4.1.

Figs. 4.9 and 4.10 display the transmission spectra at the mole fraction of 9.61 x 1073
taken at different time intervals after the addition of ethanol. It can be observed the

following;:

1. An initial significant decrease of the transmittance curve, which is partially re-

stored with time.
2. A progressive increase of the Bragg peak band depth.

3. A concomitant red-shift of the band.
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FIGURE 4.9: Transmission spectra at a mole fraction of 9.6 x 1073, RS in the legend
stands for reference spectrum, corresponding to the water-saturated opal.
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FIGURE 4.10: Bragg peak wavelength versus time at a mole fraction of 9.6 x 1073.

The reduction in transmittance, also in this case, is due to an increase of the roughness
of the thin hydrogel layer present on the opal surface, when the sample is exposed to
ethanol vapor. The main difference, if compared to the case of water vapor exposition,
is that such a roughness disappears in less time, thus explaining the partial recovery
of transmittance in Fig. 4.9. Simultaneously, the Bragg peak shifts toward higher
wavelengths, due to the further swelling of the interstitial hydrogel operated by the
absorbed ethanol, which progressively increases the distance between the embedded
polystyrene beads and the depth of the infiltrated opal swollen by the ethanol/water
mixture. In Fig. 4.10 the Bragg peak wavelength shift as a function of the time is shown:

it can be noticed that a steady-state condition is approached after approximately 1 hour.

The response time (799) of the sensor, determined according to the definition of 79
given in [63, 64] (i.e., the time that it takes the sensor to reach 90% of its steady-
state value after the introduction of the analyte), was measured when passing from a
condition of equilibrium with water-vapor saturated air to an atmosphere constituted
by air/water /ethanol at 9.61 x 103 mole fraction of ethanol. A response time of about
47 minutes was obtained. This is quite high, but it should be considered that it actually
refers to the response of a hydrogel infiltrated in the interstitial spaces of a polystyrene
photonic crystal, which is indeed impermeable to ethanol. Therefore, the attainment of
the steady-state conditions requires sorption and diffusion of the analyte through the

confined hydrogel and the cooperative dynamic rearrangements of the macromolecular
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segments between crosslinks of the latter. The removal of the polystyrene template is

expected to lead to significant reductions in response time.

For the other concentrations a similar trend is observed: the Bragg peak wavelength
increases with time because of the further swelling of the hydrogel at the increase of
ethanol concentration, while the transmission at the Bragg wavelength first strongly

drops down, then it is partially recovered.

Fig. 4.11 summarizes the Bragg wavelength shift versus time for the four different
analyzed mole fractions. It is worth noticing that the Bragg peak wavelength increases
not only with time for each concentration, but also with the concentration of ethanol in

the vapor phase.
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FIGURE 4.11: Bragg peak wavelength of the infiltrated opal versus time at varying
mole fractions.

The behavior of the structure based on the infiltrated opal is now described by com-
paring the steady values obtained during the different measurements. In particular,
transmission curves at the steady state and at varying mole fractions are depicted in
Fig. 4.12. The Bragg peak is shifted towards higher wavelengths at the increase of
ethanol mole fraction in the vapor phase, thus proving the potential of the infiltrated
opal as active material for ethanol vapor sensing. In detail, as shown in Fig. 4.13, the
Bragg peak wavelength is shifted, almost linearly, from 576 nm (water-saturated opal)
to 669 nm (mole fraction = 24.7 x 1073), in a wide concentration range. Fig. 4.14 shows
a photograph of the infiltrated opal immediately after the measurement at ethanol vapor
mole fraction of 24.7 x 1073. A visual color change, in the PC structure, was observed
from green (sample in equilibrium with air at a temperature of 23.8 °C and relative
humidity of 45%, as in Fig. 4.1) to red (as in Fig. 4.14). An extensive explanation of
the abovementioned wavelength shift is reported in [43, 54, 65, 66].
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FIGURE 4.12: Transmission spectra at varying ethanol vapor concentrations after the
steady value has been reached. The inset in shows a photograph of the infiltrated opal
immediately after the measurement at ethanol vapor mole fraction of 24.7 x 1073,
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peak wavelength for the water-saturated opal.
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FIGURE 4.14: Photograph of the infiltrated opal immediately after the measurement
at ethanol vapor mole fraction of 24.7 x 1073.

Finally, the sensitivity of the infiltrated opal was determined. As known, the sensitivity
of a sensor can be defined as the change of its output with respect to the input (i.e.,
the measured quantity) [67]. In this case, I can define the sensitivity as the ratio of
the variation of the Bragg peak wavelength and the variation of the ethanol vapor mole
fraction. As previously discussed, the Bragg peak wavelength is shifted almost linearly
at increasing ethanol vapor mole fractions. Therefore, by means of a linear interpolation
of the experimental data in Fig. 4.13, I found a value of sensitivity (i.e., the slope of
the measured data) equal to 3799.2 nm/mole fraction, or, equivalently, 2.3983 x 1073
nm/ppm. This value is not too far from what found in literature for other chemical
sensors [68, 69] and from other ethanol vapor sensors [70, 71]. The response of this
photonic crystal presents a range of linearity (more than 20000 ppm) at high values of
ethanol concentrations. I also qualitatively compared my results with those reported
in [72, 73], where the behavior of photonic crystal structures with liquid ethanol (not
ethanol vapor) has been studied. In particular, I found that my wavelength shift is linear
and comparable to that reported in [73], while it is smaller than in [72], even though
in [72] the shift is not linear. The described processes (change in dielectric contrast,
swelling and Bragg shift) are reversible. In fact, transmission spectra obtained after
water and ethanol evaporation, drying and re-equilibration in air provided the same
curves shown by the original opal. The time required by the structure to reach the
normal base line after exposure to ethanol vapor was measured and it resulted to be less

than 1 minute.
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4.4 Conclusions

In this chapter, I presented an optical characterization of a novel class of materials based
on polystyrene opals infiltrated with an innovative stimuli-responsive hydrogel, employ-
ing the SiPM as a reference photodetector. The chemical composition of the hydrogel
network was specifically engineered to be able to show significant swelling when exposed
to ethanol vapor. The above-mentioned hydrogel also swells in the presence of water,
retaining some hydration when exposed to the air, and maintains its optical and mechan-
ical properties after repeated cycles of swelling and deswelling, by alternate exposition
to ethanol vaporsaturated and ethanol vapor-free atmospheres. These properties make
this hydrogel an ideal sensing material to be applied into inexpensive and minimally

invasive breathalyzers.

The optical characterization of the hydrogel-infiltrated opals shows that, at increasing
mole fractions of ethanol vapor, the Bragg peak wavelength is red-shifted from 576 nm
(water-saturated opal) to 669 nm (ethanol mole fraction of 24.7 x 1073). According
to these results, the fabricated nanostructured film can be used as a sensing material,
with a linear behavior (more than 20000 ppm) at high values of ethanol concentrations
and a good sensitivity (2.4 x 1073 nm/ppm). As a matter of the fact, these infiltrated
opals represent the first photonic crystal based structures for ethanol vapor sensing in
the visible region of the spectrum: their remarkable Bragg peak shift make it possible
to visually notice, through a change in the opals coloration, the variations in ethanol
vapor concentration. Moreover, they present a linear optical response, at high values of
concentrations, especially if compared to other kinds of already existing ethanol vapor

sensors [71].

This activity, not only represents an important proof of the SiPM applications, but also

shows innovative developments for the ethanol sensing.



Chapter 5

Conclusions

In this Thesis I have reported, for the first time, an extensive experimental study of
two novel classes of Silicon Photomultipliers (SiPMs) performed in the continuous wave
(CW) regime. These SiPMs employ N-on-P and P-on-N physical structures, the latter
obtained inverting the doping of the layers of the standard N-on-P technology.

The optical comparison showed SiPM responsivity measurements as a function of the
incident optical power (from hundreds of nanowatts down to sub picowatts) at different
bias voltages and monitoring the temperature of the SiPM packages. These tests per-
mitted to investigate the causes that limit the linear behavior of the devices: the finite
number of photodiodes making up the device, the temperature, the dark current and
the operating bias. Responsivity measurements allowed to define an innovative criterion
to establish the maximum usable range of SiPM in the CW regime, estimating the max-
imum ratio of the output current and the applied overvoltage. Such a condition is quite
close to the definition of the maximum usable range of SiPM in pulsed mode found in

literature.

Furthermore, responsivity measurements have been performed on a broad spectrum,
ranging from ultraviolet to near infrared (340 - 820 nm). The spectral characterization
highlighted the responsivity peaks in the red and in the blue ranges for the N-on-P and

the P-on-N technologies, respectively.

The characterization continued with a study of the SiPM Signal-to-Noise Ratio (SNR).
In particular, I showed, for the first time, SiPM SNR measurements as a function of the
applied bias, of the frequency and of the temperature of the SiPM package in the CW
regime. SNR measurements were also performed on a photomultiplier tube, in order to
make a comparison. The results highlight the outstanding performance of these SiPMs,

even without the need of any cooling system.
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Once the device was characterized, I successfully tested it in a new application. I em-
ployed the SiPM as a reference photodetector to perform an optical characterization of
an innovative class of artificial opals for ethanol vapor sensing. Measurements showed
that, if these opals are kept constantly moist (so they would not respond to water va-
pors), their transmission spectra in the visible range strongly change, from green to
red, at varying concentrations of ethanol vapor. This activity, not only represented an
important proof of the SiPM applications, but also exhibited innovative developments

for the ethanol sensing.

In appendix, I also reported an electro-optical characterization of a novel class of 4H-SiC
vertical Schottky UV detectors. In particular, I performed responsivity measurements
as a function of wavelength (200 - 400 nm range), of the device package temperature

and of the applied reverse bias, discussing the performances of the devices.

I believe my results will contribute to the understanding and implementation of the SiPM
on the investigated CW regime. This kind of excitation is scarcely discussed in literature,
even though it seems to be very useful in applications in which a huge dynamic range
from sub picowatts to several nanowatts is mandatory. This outstanding feature can be
exploited in very sensitive power meters and, above all, in those medical imaging systems
where the detected optical power is significantly variable with the distance between the
detector and the source, like in the near-infrared spectroscopy and in immunoassay

tests.



Appendix A

Responsivity Measurements of

SiC Schottky Photodiodes for UV
Light Detection

A.1 Introduction

The desired operational characteristics of a suitable photodetector should be in principle:
high responsivity, linearity of the photocurrent as a function of incident optical power,
high signal-to-noise ratio and appropriate spectral selectivity. The relative weight of
these different aspects depends on the intended applications. For example, in ultra-
violet (UV) imaging, where real-time fast signal treatment is sought, short response

times are needed.

Until recently, photomultiplier tubes (PMTs) were the preferred devices for UV light
monitoring [74, 75]. However, their limitations (i.e. low quantum efficiency in the UV
range, large size, high cost, high bias voltage, and fragility) have driven research to-
wards the production of more miniaturized and reliable technology. In fact, the need
for UV detection systems for portable or shipped applications has led to solutions in
terms of semiconductor-based UV photodetectors, where the active devices are mainly
photoconductors, p-i-n photodiodes, Metal-Semiconductor-Metal photodiodes, or Schot-
tky junction photodiodes. The application areas that utilize UV signals have expanded
in recent times and a growing interest is in the following scientific fields: laser-induced
fluorescence biological-agent detection, astronomy, water sterilization, flame detection
monitoring, sterilization systems, security and non-line-of-sight covert communications

74, 76-79).
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The above mentioned applications represent advances made possible in recent years
due to the significant progress in epitaxial growth technologies and processing of wide
bandgap (and wide UV absorbing) semiconductors. Among the latter, Silicon Carbide
(SiC), owing to its wide bandgaps has proved to be an attractive material for high-
speed optical detection in the UV regime, demonstrating high quantum efficiency in the
whole 200 nm - 400 nm UV range (with peak value between 270 and 300 nm), excellent
visible blindness and low dark current, besides being robust and able to operate at
high temperatures [80-84]. Furthermore, recent technological advances have allowed the
production of so-called 4H-SiC UV photodetectors, which have attractive operational
features. Among these are included: low dark-current, high internal quantum efficiency,
excellent visible blindness, operational performance over a wide temperature range, long-
term stability /resistance under UV irradiation, sensitivity to low photon fluxes and top

dynamic performances [74, 77, 81, 84-86].

In this chapter I will report on the design and electro-optical comparison of three novel
classes of 4H-SiC vertical Schottky UV detectors, named SiC8, SiC10 and SiC20, ob-
tained employing Ni2.57 interdigitated strips whose pitch is 8, 10 and 20 pum, respectively.
I will illustrate, in dark conditions, the forward and reverse I-V characteristics as a func-
tion of the temperature and the C-V characteristics. Responsivity measurements as a
function of the wavelength, of the applied bias and of the temperature are reported and

examined.

A.2 Device Structures and Fabrication

The Schottky UV photodiodes were produced at the STMicroelectronics R&D facilities
on n-type 4H-SiC epitaxial layers, 4 pum thick, onto an n-type heavily doped substrate,
both layers being separated by an interposing buffer layer.

The doping concentration of the epilayer was 1 x 10™em ™ while the doping concen-

tration of the substrate layer was 1 x 109¢m =3

, as indicated by the supplier. Ohmic
contacts on the sample back side were formed by sputtering of a 200 nm Ni film, fol-
lowed by a rapid annealing at 1000 °C. The 2-um-wide Ni2Si stripes were obtained
combining standard optical lithography with highly selective metal etching. A rapid
thermal processing at low temperature (700 °C) was used for the formation of Ni9S1,
Schottky barrier[85]. An AlSiCu metal layer (1 pum thick) was sputtered on the top side
of the device to define the pad for the anode contact by photolithography. Finally, a
metallic multilayer Ti-Ni-Au (1 kA /5 kA /0.5 kA) was sputtered on the rear of the wafer
for the cathode ohmic contact. The exposed SiC surface area was carefully maintained

clean during all of the processes to the end, in some cases protected by sacrificial oxide
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layers, to avoid any contamination. In Fig. A.1, a schematic cross section and optical
microscope images (Figs. A.2 and A.3) of the 4H-SiC Schottky photodiode investigated

in this work are reported.

Each diode shows a 0.38 x 0.38 mm? active area and a 2 um NipSi strip width. The
distance between the NisSi stripes depends on the specific class and it is 8 um for the
SiC8, 10 pwm for the SiC10 and 20 um for the SiC20 class. All these device classes
provide the same package that includes seven diodes (see Figs. A.2 and A.3).

Interdigit Ni,Si
Schottky contact

\\\>
£

UV light

/

Ohmic contact

F1GURE A.1: Schematic cross section of the 4H-SiC Schottky photodiode.

A.3 Experimental Results

In this section, I summarize the first results concerning the electrical and optical char-
acterization of the SiC photodiodes described in section A.2. In particular, forward and
reverse current-voltage (I-V) and responsivity measurements, at various temperatures,
have been carried out. The tests were performed post-processing, in order to have a

better understanding of the optical measurements.

Undoubtedly, characterization of these photodiodes at different temperatures is one of
the most important parameters, in view of the final applications of these UV-light detect-
ing and monitoring components, also in relation to the management and reading features

required of control circuits (e.g. choosing resistors with appropriate temperature).
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F1cURE A.2: Optical microscope image of the package of the 4H-SiC Schottky photo-
diode.

FicUre A.3: Optical microscope image of the 4H-SiC Schottky photodiode.
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A.3.1 Electrical Characterization

I performed reverse and forward current measurements at various temperatures in the -
20 + 110 °C range (see Figs. A.4 and A.5) on several photodiodes kept in dark condition
using a temperature-controlled probe station and a semiconductor parameter analyzer
(Agilent 4155C).

The semilogarithmic plot in Fig. A.4 illustrates the typical reverse current character-
istics, obtained at different temperatures, for the SiC8 class devices under test. The
leakage current is about 3 pA at -5V and 25 °C and remains relatively stable at higher

temperatures.

Fig. A.5 shows the semilogarithmic plot of the I-V forward currents measured on the

same device at the same temperatures of Fig. A.4.
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F1GURE A.4: Reverse I-V characteristics for the SiC8 class, in the range -20 - 110 °C
and in dark conditions.

As expected, the increase in temperature produces a decrease of the voltage threshold
due to the thermal generation of carriers. The reverse current (dark) appears to be
almost constant and independent of the applied temperature. This means that the
heat produced by generation centers within the energy gap of the material seems to
exert negligible effects. In Fig. A.6, I illustrate the capacitance of the device measured

at 100 kHz readout frequency and 25 °C as a function of the applied reverse voltage.
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FIGURE A.5: Forward I-V characteristics for the SiC8 class, in the range -20 - 110 °C
and in dark conditions.

Capacitance measurements were performed by using a precision LCR meter (Agilent
4284A). The capacitance does not decrease significantly by increasing the reverse bias
applied to the device. This can be considered the first experimental evidence that
contiguous depleted regions merge (surface pinch-off condition) at low reverse voltage.
This effect is due to the low doping of the epilayer which allows to create wide surface-

depleted regions around each NiySi strip already at low reverse biases (near 0 V).

A.3.2 Optical Characterization

In order to evaluate the SiC responsivity on the UV spectrum and at different bias
voltages and temperatures, I performed an optical characterization employing the setup
sketched in Fig. A.7. The white light produced by a xenon lamp was spectrally filtered
by a monochromator. The output monochromatic light was sent to the SiC under test
or to the reference PMT, according to the position of a flipping mirror placed inside the
monochromator and controlled via software. The SiC and its biasing circuit were located
in a metallic black box and a lock-in amplifier was employed in order to reduce noise.
The width of the monochromator slits was set at 1 mm (corresponding to a spectral
resolution of about 2 nm) and I employed a 20 mm focal length lens to focus the optical

beam to a waist of about 150 um, in order to send all the optical power within the
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F1GURE A.6: Capacitance of the SiC8 class, measured at a readout frequency of 100
kHz and at a temperature of 25 °C as a function of the reverse bias.

sensitive area of the devices. Spectral measurements were performed within the 200 -

400 nm range.

Xenon Lamp Chopper Monochromator

Black Box

UV Lens
F=20 mm

Battery Power Supply

Lock-in Amplifier Chopper Controller Multimeter

FicUreE A.7: Sketch of the experimental setup for measurements of SiC responsivity
vs wavelength.

The responsivity measurements were carried out for all the above-mentioned classes of

devices. In particular, in order to study the performance uniformity of electro-optical
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devices, I performed a responsivity mapping in different zones of the sensitive area, at
a constant voltage of 0 V and temperature of 25 °C. Such measurements proved that
the devices under test show a good uniformity. At the center of the device, responsivity
measurements at 3 different voltages (0 V , -3 V and -10 V) and at 4 temperatures (0
°C, 25 °C , 50 °C and 90 °C) were also performed, as shown in Fig. A.8 for the SiC8,
SiC10 and SiC20 classes. Fig. A.9 shows a comparison among these responsivities as a
function of the photon wavelength, at room temperature (25 °C) when a reverse bias of
-10 V is applied.

In order to perform low optical power measurements, a lock-in amplifier was connected to
the SiC under investigation. The incident optical power on the active area of the device
was detected through a calibrated power meter and chopped at 183 Hz. I employed
optical powers below 30 nW in the whole investigated wavelength range (200 - 400 nm)
while the corresponding measured photocurrent values were in the 30 pA - 1.7 nA range,

depending on the wavelength.

The devices performed remarkable photon detection efficiency within the range between
280 and 300 nm. The responsivity variation is due to temperature and reverse bias
applied. The absolute peak was 105.1 mA /W, measured for SiC10 device at 290 nm and
0 °C.

Responsivity measurements highlight a decrease in the optical response at higher tem-
peratures, especially at 0 V (i.e. the photodiode operating voltage for common appli-
cations). As predicted, the optical peak response at higher temperatures shifts toward
slightly higher wavelengths (red shift). In contrast to the behavior of ideal devices, which
actually demonstrate an increase in responsivity to higher temperatures, I have found
that the responsivity values of tested devices decrease. This behavior is due to the con-
comitant effects of gap reduction, increase in photon lifetime and phonon contribution

to the absorption of photons.

However, the above described decrease in responsivity was less pronounced, when present,
at higher values of applied voltage (-3 V and -10 V) and was also established for de-
vices with different layouts having different distances between strips in the interdigitated

regions.

The observed behavior could presumably be ascribed to a decrease of the mean lifetime
of the photogenerated electron-hole pairs due to the presence of non-radiative centers
in the energy gap of the material. The photogenerated carriers could be captured at
these centers, thus not being available for photoconduction. The existence of such

effects and their dependence on voltage could be due to the effects of surface loading
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F1GURE A.8: Photoresponsivities measured at different temperatures on a typical SiC8
(a), SiC10 (b) and SiC20 (c) devices as a function of the photon wavelength for the

reverse biases of 0 V, -3 V and -10 V.
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FiGURE A.9: Comparison among photoresponsivities of the SiC8, SiC10 and SiC20
as a function of the photon wavelength. The measurements were carried out at room
temperature with an applied reverse bias of -10V.

induced/introduced at a certain point of the processing flow and particularly marked

for devices with low-doped epitaxial layers, such as in [87].

A.4 Conclusions

In this appendix I have described the technical features of three novel classes of 4H-SiC
vertical Schottky UV detectors (SiC8, SiC10, SiC20) so as to provide an electro-optical
comparison based on the pinch-off surface effect also employing Ni2Si interdigitated

strips whose pitch is 8, 10 and 20 um, respectively.

I measured, in dark conditions, forward and reverse I-V characteristics as a function of
the temperature and C-V characteristics. The leakage current was a few picoamperes
at -10 V and 25 °C and it increased slightly at higher temperatures, because of the very
low thermal generation in the material bandgap. As expected, temperature increase
produced a decrease of the bias threshold because of thermal generation. C-V charac-
teristics show that the capacitance did not significantly decrease when the reverse bias

was increased.

All three SiCs under test demonstrated a responsivity peak at 290 nm. The optical
peak response at higher temperatures shifts toward slightly higher wavelengths. Also,
my responsivity measurements highlight a decrease in the optical response at higher

temperatures, especially at 0 V. In my experiments the SiC10 class exhibited the best
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results, being the area among adjacent strips almost fully depleted (i.e. active) at -10
V, due to its increased space/strip width ratio, with respect to the SiC8. The SiC20,

instead, demonstrated a lower level of performance since it does not reach full depletion.

A physical interpretation of all the results was also provided. Based on these prelimi-
nary measurements, ongoing investigations are underway so as to further improve the

technical characteristics of these versatile, as well highly cost-effective, devices.
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