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Abstract

A significant luminosity increase will characterize the High Luminosity upgrade of
the LHC accelerator complex. This new environment will cause a much higher level
of pile-up events and radiation in the experiments. To cope with this harsh envi-
ronment, the experiments need substantial upgrades: specifically, the CMS detector
has decided to measure the time of flight of each particle to distinguish the particles
associated with interesting events from those originated in uncorrelated, but overlap-
ping, scattering processes. For this reason, the Minimum lonizing Particle Timing
Detector (MTD) is part of the CMS upgrade, and it will cover the CMS barrel and
endcap regions.

This thesis is focused on the development of the Ultra-Fast Silicon Detector
(UFSD), chosen to instrument the MTD endcap regions. UFSDs are thin silicon
sensors based on the Low Gain Avalanche Diode technology; they have moderate
internal gain and their design is optimized for precise timing measurements in an
environment with a high radiation level. The UFSD active thickness, about 50 pm,
combined with an internal gain of about 20 allows achieving a time resolution of
~ 40 ps and to operate up to an irradiation fluence of 3 - 10'® n,,/cm?.

The first chapter of this thesis discusses the High Luminosity-LHC environment, in
particular, the MTD detector of the CMS experiment, focusing on the endcap timing
layer. The second and third chapters describe, respectively, the basic properties of
silicon devices and their operation principles. The optimizations of the UFSD design
to achieve the time resolution of about 30 ps are discussed in chapter four, while in
the fifth chapter the specification of UFSD productions manufactured by Fondazione
Bruno Kessler and Hamamatsu Photonics are reported. The sixth chapter provides
an overview of the laboratory setups used in this thesis and the methodologies of

measurement used for the UFSDs characterization are discussed. The seventh and



last chapter reports the core of the measurements and studies performed on the UFSD
including studies on different gain layer designs, the inter-pad region of the devices,
the radiation hardness, the time resolution, the yield, and the uniformity of UFSD

productions.
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Chapter 1

The Timing of the CMS experiment Detector

This chapter describes the Timing Detector that will be installed at the Compact
Muon Solenoid (CMS) experiment for the Large Hadron Collider (LHC) upgrade to
High Luminosity Large Hadron Collider (HL-LHC). The timing information will play
a fundamental role in events reconstruction and background rejection for several of
the physics decay channels to be studied at the HL-LHC. The CMS Timing Detector
is designed for the detection of Minimum Ionizing Particle (MIP). The main focus
will be given to the detector that will be installed in the endcap regions, which will
be instrumented with Ultra Fast Silicon Detectors, a new technology of thin silicon

sensor with good time precision and radiation resistance.

1.1 High luminosity LHC

1.1.1 From LHC to High Luminosity LHC

The Large Hadron Collider (LHC) was commissioned in 2010 for proton-proton col-
lisions with a center-of-mass energy of 7 T'eV. During the years of activity, LHC
delivered center-of-mass energy of 7—8 TeV from April 2012 to the end of 2013, and
an energy of 13 TeV from 2015, delivering a peak luminosity of 1.8 x 103* em =257}
and an integrated luminosity of 40 fb~! per year in 2016-2018. The announcement
given by CERN on 4 July 2012 about the discovery of Higgs boson was the first
fundamental discovery at LHC. Thanks to LHC, Europe regained the leadership in
High Energy Physic (HEP); the full exploitation of LHC is the main priority of the
European strategy for HEP. After 2020 the statistic gain in running the accelerator

without an increment of luminosity will become marginal; for example, the time re-
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quired to halve the statistical error in measurements will be more than ten years.
Therefore, to maintain scientific progress and to extend the discovery potential, LHC
will be upgraded such to increase the peak luminosity by a factor five and the overall
integrated luminosity by a factor ten. The new configuration of LHC is known as

High Luminosity LHC (HL-LHC) [1, 2], with targets in term of luminosity of:
e peak luminosity of 5 x 103* em 2571

e integrated luminosity of 250 fb~! per year and a total of 3000 fb~! in a dozen

years.

This increment in luminosity will be achieved with a two-step upgrade, (see figure

1.1).

e Peak luminosity =Integrated luminosity
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Figure 1.1: LHC luminosity plan for the next two decades, peak (red dots) and
integrated (blue line) luminosity. Shutdown periods are indicated.

Starting from 2019 there is a two-year shutdown of LHC, called long shutdown 2
(LS2), dedicated to the upgrade of LHC injector complex to produce brighter (smaller

emittance) beams. After a running period of four years, from 2025 there will be
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another shutdown of about two and a half years, known as long shutdown 3 (LS3),
to upgrade the optics in the interaction regions, to produce more tightly focused and
overlapping beams at collision. The LHC will resume operation in the second half of
2027. From the second half of 2027, HL-LHC will be able to provide an instantaneous
luminosity of 2 x 103> em~2s~! at the beginning of each fill; in a nominal scenario,
HL-LHC will operate at a steady peak luminosity of 5x 10** em~2s~! with an average
number of interactions per bunch crossing of 140. The ultimate operational scenario of
HL-LHC forecasts a peak luminosity of 7,5 x 103* em~2s~! and an average number of

interactions per bunch crossing of 200. This luminosity level can provide an integrated

luminosity of 4000 fb~! in a dozen years (300 — 350 fb~! per year).

1.1.2 Physics motivations for HL-LHC

The physic program at LHC had a remarkable start during Runl, in 2011 and 2012,
when LHC reached a peak of luminosity of 7,7 x 10%* em~=2s~!, more than 75% of its
design luminosity. The vast amount of data collected in Runl led to the discovery
of a new 125 GeV mass particle by the ATLAS and CMS collaborations. This new

particle was identified with the Standard Model (SM) Higgs boson, figure 1.2.
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Figure 1.2: Observation of Higgs Boson by the CMS Collaboration in the v+ decay
mode (left) and by the ATLAS Collaboration in the ZZ* decay mode (right).
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In addition to the discovery of this new particle, ATLAS and CMS have been
able to begin an accurate study on its properties to prove that it was indeed the
Higgs boson. Decays of the Higgs in SM gauge bosons W, Z, and in photons were
established with a significance greater than 5o; coupling in two-leptons decay 777~
has been studied and is consistent with SM expectation; studies on Higgs decays
provided the evidence on spin-parity 0% of the new boson.

The HL-LHC program aims at carrying out studies that involve the recent dis-
covery of Higgs boson and the main target is to perform precise measurements of its
scalar properties to validate the SM. The ATLAS and CMS collaborations estimate a
comparable precision, with an uncertainty of 2-5%, for many of the Higgs boson cou-
plings to elementary fermions and bosons, in a scenario with an integrated luminosity
of 3000 fb~1.

Moreover, the huge luminosity at HL-LHC will make it possible to investigate rare
processes involving Higgs boson, such as H — Z~, or to study other rare processes
that need high statistics, like the Higgs self-coupling through di-Higgs production,
dark matter observation, fundamental forces unification and QCD behaviour under

extreme condition.

1.1.3 Performance requirements at HL-LHC experiments

The high luminosity LHC upgrade will pose two main challenges, that the experiments
will have to overcome to maintain the current excellent performances of the detectors
in terms of efficiency, resolution and background rejection. These challenges are: (i)
the radiation damage to the detector due to the high integrated luminosity and (ii)
the huge pile-up of interactions due to the high instantaneous luminosity [2]. In this

section, each of these challenges is discussed.
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Radiation damage

The collisions rate in LHC is 5x 10° s~!; the particles generated by the collisions cause
damages to the detectors and the readout electronics, degrading their performances.
The annual dose absorbed by detectors in HL-LHC will be comparable with the
total dose absorbed from the beginning of LHC operation until L.S3; therefore it is
obvious that the maintenance of detector and electronic performances, in this harsh
environment, will be challenging.

In LHC, the proton-proton collisions are the primary radiation source, generating

a myriad of particles of various kinds:

e charged particles (mainly pions). They produce ionization into the detectors and
undergo nuclear interactions producing showers of particles, which are added to

the radiation load.

e photons. They either interact with the material of the beam pipe and with the
tracker, producing electron-positron pairs or are adsorbed by the calorimeter,

where they produce electromagnetic showers.

e neutrons. Neutron can cross long distances undergoing several scattering into

the detectors and producing photons and electrons.

Figure 1.3 shows a simulation of the radiation level in the CMS detectors, for an
integrated luminosity of 3000 fb—1.

The damages produced by the radiation vary depending on detectors technology.
In silicon, the radiation creates defects in its crystal lattice. One consequence is that
the leakage current increases. The charge collection efficiency (CCE) decreases due
to the creation of trapping centres for charge carriers, resulting in lower signals. The
full depletion voltage of the sensors (voltage required to deplete the full thickness of

the sensor) increases, forcing the operation of the sensors in partial depletion regime
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Figure 1.3: Absorbed dose in the CMS detectors after an integrated luminosity of
3000 fb~1. R is the transversal distance from the beam-line, z is the distance along
the beam-line from the interaction point (z = 0). Figure from [2].

and resulting in lower signals. For the calorimeter, that in CMS is mainly composed
of scintillating PbWO4 crystals or plastic scintillating tiles with wavelength-shifting
fibers embedded in them, the main problem is the loss of transmission of the media
through which the scintillation light or wavelength-shifted light must pass.

Therefore, the strategies to mitigate the effect of the radiation vary from detector

to detector.

High pile-up

Under the expected luminosity at HL-LHC, the major challenge for the experiments
will be the high number of pile-up interactions, i.e. the superposition of several
proton collision events within a typical interaction time frame. At LHC, each bunch
of protons has a length with rms of ~ 5 ¢m, a transversal dimension of 10 pum and a
population of 10'* protons. The temporal separation between two successive bunches

is 25 ns, which in space is equivalent to 750 ¢m. Each beam contains about 2700
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filled bunches and the collision between two bunches ("bunch crossing”) occurs with
a rate of 40 M Hz.

At HL-LHC nominal luminosity, an average of 140 interactions will occur per
bunch crossing, figure 1.4; most of these interactions are ”soft” collisions, which do
not contribute to the search for new physic. A small fraction of interactions will be
"hard” collision, which will produce high transversal momentum particles that may

contain high mass objects.

Figure 1.4: z-vertex distribution at pile-up conditions of HL-LHC. The expected
amount of overlapping events will lay between 140 and 200. Figure from [2].

Since the number of bunches can not be increased by much it is obvious that
an increase of luminosity involves an increase in a number of interactions per bunch
crossing, i.e. in pile-up; as a result, there will be more hits in tracking detectors and
addition of energy in calorimeter measurements. The high pile-up can confuse the
trigger, the offline reconstruction and the interpretation of events; moreover, there
will be an increase in event size in each bunch crossing, resulting in an increase of the

events reconstruction time in the High Level Trigger and the offline analysis.

1.2 Overview of CMS phase-2 upgrade

The challenging running conditions at HL-LHC require an important upgrade of the
CMS detector to maintain its excellent performances. This section is devoted to a

brief overview of the main features of the CMS upgrade, which is foreseen for the
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HL-LHC period called ”Phase-2” upgrade [2].

Tracker: the tracker will suffer radiation damage effects, and it will be completely
replaced for Phase-2. To maintain excellent tracking efficiency, at much higher pile-up
levels, the pixel system and outer tracker granularity will be increased by a factor
4. In the outer tracker, this will be achieved by shortening the lengths of silicon
sensor strips; in the pixel system, it will be implemented by having smaller pixels and
thinner sensors. Moreover, in forwards regions, the coverage of the pseudorapidity

region will be extended to close to |n| =~ 4.

Calorimeter endcaps: the calorimeter upgrade, the High Granularity Calorime-
ter (HGC), will be installed with electromagnetic and hadronic sections in the endcap
regions. The electromagnetic section, with an interaction length of 25X, consists of
~ 30 tungsten and copper plates interleaved with silicon sensors as the active mate-
rial. The hadronic section has a front section of 12 brass and copper plates interleaved
with silicon sensors for a depth of 3.5A. The HGC is characterized by an excellent

longitudinal and transverse segmentation.

Muon endcaps: currently, the muon system covers the pseudorapidity region
1,5 <n <24 and consists of four stations composed of Drift Tube (DT), Cathode
Strip Chambers (CSC) and Resistive Plate Chambers (RPC). To maintain the good
trigger acceptance in the endcap regions, it has been proposed to extend the coverage
with four additional chambers: the first two stations, where the magnetic field is
still high, will be Gas Electron Multiplier (GEM) chambers with excellent spatial
resolution; the two last ones will be low-resistivity Resistive Plate Chambers (RCP),
with lower granularity but with good time resolution to mitigate background effects.
By implementing the GEM in the free region behind the endcaps of the calorimeter,

the coverage of the muon detector will be close to |n| =~ 3.
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1.3 Implementation of timing in the Phase-2 CMS detector

In the range from 140 pile-up interactions to 200, the peak ”line density” dN,/dz,
of the number of collision vertices V,, along the beam axis z, grows from 1.2 to
1.9 mm~?! (figure 1.5), with a rms spread along the beam axis of about 4.5 cm.
Therefore, the probability of spatial overlaps grows in all subdetectors and the re-
construction algorithms begin to fail. According to simulation, the optimal selection
window to associate a track with a primary vertex is of the order of 1 mm, causing
not negligible contamination of tracks from pile-up into the primary vertex for vertex
densities approaching 1 mm™!. The resulting degradation in resolution, efficiencies,

and misidentification rates impacts several measurements.
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Figure 1.5: Left: density of vertices along the beam axis at the LHC with about 30
pile-up interactions (Run-1 and early Run-2) and at the HL-LHC with 140 and 200
pile-up interactions. The solid (dashed) line refers to the start (end) of the fill, [3].
Right: probability density function of the line density for pile-up values of about 30,
140 and 200. The modes and the means of the three distributions are respectively
0.3,1.2,1.9 mm™" and 0.2,0.9, 1.4 mm~". Figure from [3].

The CMS collaboration has recently approved a technical design review to include
the MIP Timing Detector (MTD) in the upgrade plan for the HL-LHC era. The
MTD will provide timing information for minimum ionizing particles (MIPs), with a

resolution of 30-40 ps at the beginning of the HL-LHC operation in 2027, and it will
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improve the particle flow performance ([3], chapter 5) bringing it to a level comparable
to the current Phase-1 CMS detector, which is designed to handle a pile-up of about
50 [4]. In the domain of time, the individual interactions of a bunch crossing are
distributed with a rms of ~ 150 ps (see figure 1.6), approximately constant during

the fill and uncorrelated with the spatial distribution.

CMS Simulation: HL-LHC beamspot - <:NPU> =140
—— T -

-
-

€ 350
RMS = 153 ps

%6 . . 02 04 06
tortax [NS]

Figure 1.6: Distribution of the interaction time at HL-LHC considering an average
pile-up of 140 vertexes. Figure from [5].

If one considers the beam spot sliced in consecutive time exposures of 30-40 ps,
then the number of vertices per exposure drops to the current Run-2 LHC pile-up
levels of 40-60. The event displayed in figure 1.8 visually demonstrates the power of
space-time reconstruction in collisions with 200 pile-up events. According to simu-
lation, the probability of vertex merging is reduced from 15% to 1% in space-time.
The addition of track-time information from MTD, with a precision of 30 — 40 ps
reduces wrong associations by a factor two, and the peak line density is reduced from
1.9 mm~! to 0.8 mm~!. Therefore, the addition of MTD timing information has the

potential to recover the effective background conditions close to Phase-1 operation
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([3], chapter 1).
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Figure 1.7: Impact of signal efficiency for HH — bbyvy for no timing, barrel timing
and barrel plus endcaps timing scenarios. The quantity ygpy is the rapidity of the
di-Higgs system. Figure from [3].

1.3.1 Impact of timing on CMS physics program

The CMS experimental program will benefit greatly from the increase of luminosity
provided by the HL-LHC upgrade. The MTD will be crucial to maintain a good
resolution and reconstruction efficiency for the physics objects; some of the benefits

coming from the time tracking are listed below:

e One of the highest priorities of the HL-LHC physics program is the measure-
ment of Higgs boson self-coupling. Increase in signal yields of 22% for constant
background has been predicted for example for HH — bby7y channel (see fig-
ure 1.7). Similar increases are also predicted for other significant di-Higgs final

states (bbbb, bbrT, bbyy, bW W, bbZZ).
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Figure 1.8: Simulated and reconstructed vertices in a bunch crossing with 200 pile-
up interactions assuming a MTD with a time resolution of about 30 ps, covering
the barrel and endcaps regions. The vertical yellow lines are the 3D-reconstructed
vertices, the black crosses and the blue open circles represent tracks and vertices
reconstructed using the time information (4D-reconstruction). The red dots are the
simulated vertices. Figure from [3].

e A significant improvement in the missing transverse momentum (p***) resolu-
tion, in the case of final states with H — 77 in the Vector Boson Fusion (VBF)
production mode. The timing information counteracts some of performance

degradations observed in the transition from 140 to 200 pile-up events.

e The track-timing reconstruction opens a new future in searches of Long-Lived-
Particles (LLPs), postulated in many extensions of the Standard Model like
Split-SUSY, GMSB, RPV SUSY, Stealth SUSY and SUSY models with com-
pressed mass spectra. The space-time information associated with the displaced
decay vertex, reconstructed from the decay daughters detected, provides the

kinematic constraints necessary to get a direct measurement of the LLP mass.

e use of the Time Of Flight (TOF) technique for the particle detector for charged
particles identification (PID) of charged hadrons, which is essential in heavy

ions physics and in low mass QCD and flavour physics.
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1.4 Overview of MTD design

This section is an overview of the design and specifications of MTD ([3], chapter 1).
The constraints, linked to the CMS upgrade design and schedule, led the MTD design
towards a thin layer located between the tracker and the electromagnetic calorimeter,

divided in a barrel and two endcap sections, see figure 1.9.

Figure 1.9: A simplified view of the MTD geometry implemented by GEANT for
simulation studies comprising a barrel layer (grey cylinder), at the interface between
the tracker and the electromagnetic calorimeter, and two silicon endcap layers (orange
and violet disks) in front of the endcaps calorimeter. Figure from [3].

The requirements are quite different in the Barrel Timing Layer (BTL) and the
Endcap Timing Layer (ETL). The first major difference between ETL and BTL is
the radiation level: the expected dose in the inner part of the ETL is 30 times higher
than the BTL absorbed dose. Table 1.1 shows the radiation dose for ETL and BTL,
at different 7 and radial distance from the beam pipe. The second difference is the
overall surface of the two sections: the BTL surface area is about 2.5 times larger
than the two endcap sections. These two differences are at the origin of the selection
of different detector technologies for each M'TD section. The most suitable technology
for the BTL is crystal scintillators read out by silicon Photon Multipliers (SiPMs),

which are Avalanche Photo Diode (APD) operating in Geiger breakdown mode. The
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Region | |n| | rlem] | zlem] | ney/em? | Dose [kGy]
0.0 | 116 0 1.65 x 104 18
Barrel | 1.15 | 116 170 | 1.8 x 10™ 25
1.45 | 116 240 1.9 x 101 32
1.6 127 303 1.5 x 10 19
Endcap 2.0 84 303 3 x 101 20
2.5 50 303 | 7.5 x 101 170
3.0 | 31.5 | 303 | 1.6 x 10 450

Table 1.1: Radiation doses and fluences (normalized to 1 MeV neutron equivalent
in silicon) expected in the timing layer (Barrel and Endcaps) after an integrated
luminosity of 3000 fo!, [3].

most suitable technology for the ETL is the Low Gain Avalanche Diode (LGAD),
which is a silicon sensor with an internal moderate gain of ~ 10-30. The SiPM
technology is not sufficiently radiation hard to operate in the endcap regions, while
the cost to instrument the barrel with LGADs is prohibitive. Moreover, the schedule
constraints give less time to develop and assemble the barrel, therefore the choice of
SiPM technology is dictated also by the fact that it is a well-established technology in
the industry. Nevertheless, there are some services that will be shared between BTL

and ETL: clock, backend system, cooling, detector low control and safety systems.

1.4.1 Barrel timing layer

The barrel timing layer is a thin, cylindrical detector shown in figure 1.10 (right), that
will be housed inside the Tracker Support Tube (TST). This imposes constraints on
its design and schedule of installation, which will have to happen in the third quarter
of the year 2023. The TST will be inserted inside the CMS detector and will not be
removed during the entire lifetime of HL-LHC. Due to the installation schedule, well-
established technologies have been selected: LYSO:Ce scintillating crystals readout
with SiPMs devices, capable to achieve time resolution below 30 ps. Both of them,
crystals and SiPMs, have a proven radiation resistance up to a neutron irradiation

fluence of 2 x 10 n,,/cm? (25 kGy as total integrated dose), corresponding to the
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BTL Module:
1x16 crystals
(32 channels)

Crystal bar

BTL Read-out Unit:
3x8 modules
(768 channels)
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BTL detector
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332k channels

Figure 1.10: Overview of the BTL detector and the hierarchical arrangement of its
components: bars, modules, read-out units and trays. Figure from [3].
expected fluence at the end of HL-LHC lifetime, in the BTL region.

The total active surface of the BTL is about 38 m?, with a coverage of the pseudo-
rapidity region up to |n| = 1.48. The fundamental detecting cell is a LYSO:Ce crystal
bar of a length of about 5.7 ¢m oriented along the ¢-direction of CMS, a width of
3 mm along the z-direction, and a variable radial thickness from 3.7 to 2.4 mm, (see
figure 1.10, left). The total number of SiPMs used will be 331776, which will oper-
ate in Geiger mode with a gain of the order of 10° at a temperature of —30 °C, to
operate in a low dark current condition. Fluctuations in dark current cause a jitter
that degrades the time resolution: the jitter will be the dominant term of the time
resolution towards the end of HL-LHC operations.

The BTL is readout by a dedicated ASIC called TOFHIR (Time-of-Flight, High
Rate), which readouts 32 SiPMs. TOFHIR is based on discrimination of the leading
edge of their pulses followed by measurement with a time-to-digital converter (TDC).
In order to achieve a good time resolution, the input of the discriminator should have
a fast rise time and a large amplification factor. This technique needs to measure the
amplitude of the pulse to correct the time walk (see section 4.2.2).

A more detailed and comprehensive overview of the BTL is described in [3], chap-
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ter 2.

1.4.2 Endcap timing layer

The endcap timing layer is composed of a pair of disks on each side of the interaction
region, instrumented with MIP-sensitive silicon devices, covering a pseudorapidity
range between 1.6 and 3.0. Each pair of disks is located between the end of the
tracker and the nose of the endcap calorimeter (see figure 1.11, left), at a distance
of 2.98 m from the interaction point. Each disk has silicon devices on both sides,
strategically positioned such that the read-out, power and cable infrastructures areas
on each side are covered by the sensors on the opposite side. Moreover, to facilitate
maintenance, the disks are split down the center vertically, so that they form a ”clam
shell” around the beam pipe (figure 1.11, right); for this characteristic, the disks can
be removed without the need to remove also the beam pipe. The total sensor area of

each MTD endcap will be of about 8 m?.

ETL service channel

CE's thermal screen

11: Support cone insulation
12: HGCal Thermal Screen
Feedthrough

ETL's thermal screen l/
Z]
at 3 an

Figure 1.11: Left: placement of ETL (shown in blue) on the calorimeter endcap
structure, on the interaction side of the polyethylene neutron moderator (in red).
The ETL and endcap calorimeter detectors are in two separate volumes, with each
detector having its thermal screen (shown in yellow), [3]. Right: ETL cross-sectional
view along the beam axis. Shown are two disks instrumented with modules on each
side, and with their support structure. The interaction point is to the left of the
image. Figure from [3].
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The radiation level expected in ETL is much higher and more non-uniform in 7
than in BTL. Figure 1.12 shows the expected fluence as a function of ETL radius
at three different moments in time during HL-LHC lifetime; the fluence will reach
values above 1 x 10' n.,/cm? for radii below 50 c¢m, in the second half of the HL-
LHC lifetime. The expected radiation level in the endcap regions is the main driver

for the choice of planar silicon sensors as detector technology.

Expected radiation fluence VS Radius
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Figure 1.12: Expected radiation fluence, in 1 MeV neutron equivalent per cm?, in

ETL regions, as a function of radius, at three time moments during the operation
period of HL-LHC.

Sensors characteristics

The planar silicon sensors chosen to instrument the ETL are Ultra Fast Silicon De-
tectors (UFSDs), based on LGAD technology, chapter 4. UFSDs are characterized by
intrinsic moderate gain, about 10-30, provided by a thin implant with an appropriate
doping density; this moderate gain combined with a thin sensor active thickness of
~ 50 pum enables to achieve low-jitter and fast-rising pulses needed for a time res-
olution of 30 ps. Recent radiation hardness studies demonstrate the feasibility of
having a time resolution of 30 and 50 ps at fluences corresponding to n of about 2.5
and 3.0, at the end of the lifetime. Achieving a good time resolution at moderate

2

gain requires pixels (also called pads) with an area of few mm?, in order to limit the
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effect of the sensor capacitance on the time resolution value; therefore, a very large
number of pads are needed to cover the total area of 8 m? of each endcap timing
layer. The sensor design in the MTD technical proposal used very large sensors, of
area 5 x 10 em?, with pads of 3 x 1 mm?; R&D and optimization design studies led to
an update of sensor design that now consists of sensors with area 21.1 x 42 mm?, with
pads of 1.3 x 1.3 mm?. The reduction of sensors and pads area will imply respectively
a higher yield (cost saving) and an improvement of time performances due to the

lower pad capacitance [6].
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Figure 1.13: Layout of ETL sensors on a 6-inch wafer, with the pads shown. Figure
from [3].

The wafer layout proposal composed of twelve sensors is shown in figure 1.13.
Particles crossing the ETL will have on average 1.8 hits per track: the detector
design is optimized to achieve the target time resolution for track with two hits. There

follow a list of key parameters that need to be studied for the ETL sensors:

e Fill Factor: the fill factor is the ratio of the active area to the total sensor
area, which can be lower than 1 due to the no-gain region at the pad edges.

The optimization of the fill factor increases the probability of two-hits tracks.
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e Sensor uniformity: the production of the sensors must be as uniform as
possible: all sensors must have the same gain to have the same time resolution

and high efficiency.

e Gain and noise: the target time resolution is achieved only if the sensors

provide a signal with high enough charge and low noise.

e Radiation hardness: It is necessary to identify the most radiation hard UFSD
design. An excellent radiation resistance will allow achieving a good time reso-

lution for the lifetime of the detector.

The ingredients of time resolution and UFSD sensors for high energy physics
applications are the topics of this Ph.D. thesis and will be extensively covered in the

following chapters.

Read-out electronic and modules

The read-out chip of ETL, called Endcap Timing Read-Out Chip (ETROC), has a
design goal for time resolution of 50 ps per hit, to achieve a 35 ps resolution for
tracks with one ETL hit in each of the two layers. The ETROC is designed to
read out a 16 x 16 pixel matrix; at the single cell level, each channel consists of a
preamplifier, a discriminator, a TDC used to digitize the Time of Arrival (ToA) and
the Time over Threshold (ToT) measurements, and a memory for the data storage
and readout. In addition, an injection circuit is also implemented for testing and
calibration; figure 1.14 (left) shows a schematic block diagram of the ASIC. The ETL
modules are composed of sub-assemblies containing a single sensors bump bonded
to two ETROCs. The ETROCs are positioned with their short edge oriented along
the long edge of the sensors; they extend over the long edge of the sensor forming
a ”balcony” with wire-bond pads for power connection and input-output signals.

In the majority of modules, two sub-assemblies are glued to an Aluminium Nitride
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substrate equipped with a cooling path. Figure 1.14 (right) shows the final assembled
ETL modules and a view of their parts.

Figure 1.15 shows a front view of one ETL disk, with the layout of the modules and
the service hybrids; The service hybrids, mounted between rows of modules, provide
power and readout services to the modules via flex circuit connectors. A more detailed

overview of ETL modules and their assembly is described in [3], chapter 3.

Clock Gen

Readout

Figure 1.14: Left: schematic of single channel blocks of ETROC. Right: two-sensor
and one-sensor assembled modules (top), details of the module parts (bottom). Figure
from [3].

Figure 1.15: Front view of one ETL disk layout, with modules and service hybrids.
Figure from [3].
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Chapter 2

Basic semiconductor physics and silicon properties

The semiconductor sensors, particularly silicon sensors, play a major role in detectors
for HEP applications. Low ionizing energy, good radiation resistance, ease integration
with the readout electronic, extensive industrial experience in the development of
sensors, and low production costs are the strengths that make these sensors suitable
for nuclear physics experiments.

In this chapter will be illustrated the fundamental properties of semiconductor and
p-n junctions (chapters 1 and 2 of [7]), the operating principles of silicon sensors for
particles detection, their operation in environments with a high level of radioactivity

and the effects of radiation on their macroscopic properties [8].

2.1 Semiconductor properties at thermal equilibrium

This section summarizes the basics physics of semiconductor devices and especially
presents the main properties of silicon (S%). All the semiconductors, including silicon,
are crystalline solid characterized by an energy band structure. This energy band
structure is divided into three regions or bands: a forbidden energy region in which
allowed states cannot exist and two permitted energy regions above and below the
forbidden band. The upper band is called conduction band (CB), the lower one
is the valence band (V' B) and the forbidden band between the upper limit of the
valence band and the lower limit of the conduction band is called band gap. Figure
2.1 shows a simplified representation of the semiconductors energy band structure.
In this figure the energy at the bottom level of the conduction band is called E¢, the
top level of the valence band is Fy, and the band gap is £,. The electrons and holes

energy is conventionally defined to be positive when measured respectively upward
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T=0K T=300 K

Figure 2.1: Simple sketch of band structure in semiconductors.

and downward whit respect to E¢c and Ey. At room temperature (~ 300 K) and
under normal atmosphere, the width of the band gap for high-purity silicon is 1.12 eV
At a temperature of 0 K all the states in V B are occupied while the C'B is empty, as
a result, there are no free carriers and the material behaves as an insulator; when the
temperature increases the electron can acquire enough thermal energy to jump from

V B to C'B, becoming free carriers.

2.1.1 Intrinsic semiconductor

An intrinsic semiconductor is a material with a negligible amount of impurities. In
silicon each atom shares its four valence electrons with the four neighbouring atoms,

forming four covalent bonds, as shown in figure 2.2 (left).
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Figure 2.2: Basic bond picture of silicon: (left) intrinsic silicon with negligible impu-
rity; (center) n-type silicon doped with donor impurity (phosphorus); (right) p-type
silicon doped with acceptor impurity (boron).
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Figure 2.3: Schematic band diagram, density of states, probability distribution, and
carrier concentration in an intrinsic (a), n-type (b), and p-type (c) semiconductor at
thermal equilibrium. In n-type semiconductors there are electron energy levels close
to the lower limit of the C'B, so that they can be easily excited into the C'B; in p-type
semiconductors hole energy levels close to the upper limit of the V' B allow excitation
of electrons in V B, leaving mobile holes in V' B. In n/p-type materials the Fermi level
is nearer to the conduction and valence band, respectively. Note that for all the three
cases is valid pn = n?. Figure from [7].
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In intrinsic silicon, the number of the occupied levels in the conduction band is

given by
Etop
n = N(E)F(E)dE, (2.1)

Ec
where E¢ is the value of energy at the bottom of the conduction band and E,,, is
the energy at the top. N(FE) is the density of states, that can be approximated by
the density near the bottom of the conduction band, for low enough carrier densities
and temperatures

V2 (E — Eg)'/?

N(E) = MCF o (mae)?, (2.2)

where M is the number of equivalent band minima in the conduction band and myg, is
the density-of-state effective mass for electrons. F(E) is the Fermi-Dirac distribution

function, given by
1

14+ ewp(%)’

F(E) (2.3)

where k£ is the Boltzmann’s constant, 7' the absolute temperature and Er the Fermi
energy, determined by the charge neutrality condition, (see section 2.1.2). The inte-

gral of equation 2.1 can be evaluated to be

2 Er—E
n = NCﬁFI/Q(Fk—TC)’ (24)

where N¢ is the effective density of states in the conduction band and it is given by

2mma.kT

NC = 2( 72

)32 M (2.5)
and F}/9(ny) is the Fermi-Dirac integral, given by

<
Fi/2(ny) :/0 — 2, (2.6)

1 + 6(77_77/’)
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where 7 is
(Er — Ec)
kT

Ui : (2.7)

For the Boltzmann statistic case (Fermi level kT below E¢), the number of occupied

conduction band levels, equation 2.4, becomes

n= Ncea:p(—T). (2.8)

Similarly, we can obtain the density of holes near the top of the valence band

Er—F
p= Nvexp(—%), (2.9)

where Ny corresponds to the density of states in the valence band (given by an
equation similar to 2.5), and Fy is the value of energy at the top of the valence
band. The carrier concentrations (equations 2.8, 2.9) for an intrinsic semiconductor
are graphically shown in figure 2.3 (top).

In an intrinsic semiconductor, a continuous thermal agitation exists at finite tem-
peratures, with the results to excite the electrons from the valence to the conduction
band. These electrons leave an equal number of holes in the valence band, which is
n = p = n;, where n; corresponds to the intrinsic carrier density. This process is
balanced by the recombination of the electrons in the conduction band and the holes
in the valence band. The Fermi level for the intrinsic semiconductor in obtained by

combining equations 2.8 and 2.9

E E
EF:EZ:%—FIH(

Ny

N—C). (2.10)

The Fermi level E; in an intrinsic semiconductor is very close to the middle of the

band gap, and the intrinsic carrier density is obtained from equations. 2.8, 2.9 and

49



2.10

E
np =n;> = NCNvexp(—ﬁ), (2.11)

where Ey is

E, = (Ec — Ey). (2.12)

The relation 2.11 is called law of mass action.

2.1.2 Doped semiconductor

Two different types of dopants can bind with the atoms of semiconductor crystalline
lattice: donor (phosphorus, arsenic) and acceptor (boron, gallium). A donor is an
atom with five valence electrons (Group V of the periodic table of elements), it re-
places an atom of the semiconductor crystalline lattice sharing four of its valence
electrons, the fifth one is ’donated’ to the conduction band. Semiconductor doped
with donors is called n-type, figure 2.2 (center). The acceptor is an atom with three
valence electrons (Group III) and substituting an atom of the lattice 'accept’ an ad-
ditional electron. A positive charge (hole) is created in the valence band and the
semiconductor is called p-type. Figure 2.2 (center and right) shows a sketch of n-type
and p-type silicon lattice with the type of dopant respectively phosphorus and boron.

When a semiconductor is doped with donors or acceptors, impurity energy levels
are introduced into the forbidden band gap. A donor level is defined neutral if filled
by an electron and positive if empty, instead, the acceptor level is defined neutral
if empty and negative if filled by an electron. The simplest approach to calculate
the impurity energy levels is based on the hydrogen-atom model; the first ionization

energy of the hydrogen atom is given by

4
moq

By = o4
H 3272€2h>

=13.6 eV, (2.13)

where my is the mass of the free electron, ¢ is the elementary charge and ¢ is the free-
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space permittivity. The ionization energy for the donor E,; can be obtained replacing
mg with the conductivity effective mass of electron m. and replacing ¢y with the

permittivity of the semiconductor eg, in equation 2.13:

mce

Ei= (2

Ey. 2.14
Oy ) By 214)

The ionization energy for donors is 0,025 eV for silicon (measured from conductive-
band edge). In a similar way it is possible to calculate the ionization energy for

acceptors, which is 0,05 eV for silicon (measure from the valence-band edge).

Fermi level

The Fermi level for intrinsic silicon, equation 2.10, is very close to the middle of the
band gap, as shown in figure 2.3 (top). In doped semiconductor, the Fermi level must
adjust itself to maintain the charge neutrality, figure 2.3 (center, bottom). Consider
the case of a concentration Np of donor impurities added to the semiconductor lattice,
to preserve the charge neutrality the number of negative charges must be equal to
the positive

n=N}+p, (2.15)

where n and p are respectively the densities of electrons and holes in conductive and
valence band, and N} is the density of ionized donors.

1

ol
1+ éemp(—DkT £)

N}, = Np[l — (2.16)

where g is the ground state degeneracy of the donor impurity level, it equals 2 because
a donor level can accept one electron with either spin or can have no electron. In the

same way, if some of acceptors of density N4 are added to the lattice, we can write a
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similar equation of charge neutrality
p=N, +n, (2.17)

with
Na

NT = ,
A1 geap(EazEr)

(2.18)

where the factor g equals 4 because each acceptor impurity level can accept one hole
with either spin and the impurity level is doubly degenerate. Rewriting equation 2.15,

we obtain

Ec—-FE 1 Ey —F
=N + Nyexp(—L—-L

kT )= D1+2€l‘p(%) kT

Neexp(— ). (2.19)

For a set of values of N¢o, Np, Ny, Ec, Ep, Ey, and a fixed temperature T" we can
calculate the Fermi level Er from equation 2.19. In the specific case with T' = 300 K
and Np = 10'¢ atoms/cm™ the Fermi level is very close to the edge of the conduction
band. At a relatively high temperature, the majority of donors and acceptors are

ionized and the condition of charge neutrality can be written as

n+ Ny=p+ Np. (2.20)

Combining equation 2.20 with the law of mass action, equation 2.11, through some
mathematical passages we can obtain the concentration of electrons and holes in an

n-type semiconductor, at thermal equilibrium:

n = Np, (2.21)
2
n;
= 2.22
P=N (2.22)



and the Fermi level is

N,
Ep = Ec — kT 1n(N—Z). (2.23)

In the same way, in a p-type semiconductor, the concentration of holes and electrons

are:
p = Na, (2.24)
n;>
n = Ny (2.25)
and the Fermi level is
Ep = Ey + kT m&—:). (2.26)

In an n-type semiconductor, the electrons and holes are called respectively majority
and minority charge carriers, their role is reversed in a p-type. A graphic represen-
tation of the majority and minority charge carrier concentrations in an n-type and

p-type semiconductor are shown respectively in figure 2.3 (center, bottom).

2.2 Carrier transport mechanism

The carrier transport in a semiconductor is permitted by two independent mech-
anisms, drift, and diffusion. The drift mechanism is originated by the collective
movement of charge carriers under the effect of an electric field, the diffusion is due

to a different concentration of charges inside the semiconductor.

2.2.1 Drift

Considering a slab of silicon with n electrons per unit of volume, applying an external
potential to the slab’s borders the electrons drift under the effect of the electric field

¢ generate by the potential. The current density due to this drift of electrons is given

53



J = qnua, (2.27)

where ¢ is the elementary charge of the electron and vy is its drift velocity. A moving
electron in the semiconductor lattice scatters with the atoms, this scattering reduces
to zero the maximum drift velocity reached by the electron before the collision. The
time 7 between two collisions is called mean free time, and during this time an electron

acquires a maximum kinetic energy

1
§m6vd2, (2.28)

where m, is the effective mass of the electron. This energy is equivalent to the energy

acquired by an electron in a constant electric field

—QEVYT. (2.29)

Equalizing equations 2.28 and 2.29 we can obtain the maximum drift velocity of an

electron in a crystalline lattice

(2.30)

The drift velocity is proportional to the electric field e, the proportionality constant
q7/me is called mobility p. Electrons and holes have different values of mobility, 1,
and p,. Following equations 2.27 and 2.30, the total current density flowing through

the slab is the sum of the electron and hole contributes

J = Jn+ Jp = q(Npn + piy)e. (2.31)
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The proportionality constant between the electric field and current density is called
conductivity o

Jj = oe. (2.32)
The reciprocal value of ¢ is called resistivity p

1 1
pmm = (2.33)
o q(pn + ppp)

In the specific case of n-type silicon (n > p), equation 2.33 becomes

1
p ) (2.34)
qinm
In the same way in p-type silicon, the resistivity is
1
p . (2.35)
qipp

The mobility and consequently the resistivity is not constant, several mechanisms af-
fect their values. The two primary ones are phonon and impurity scattering. Phonons
are atoms oscillations in the lattice around their equilibrium point, these oscillations
are due to the thermal excitation of atoms. The impurities, as the dopant atoms, are
ionized and they act as scattering centers: as results, higher is the doping concentra-

tion lower is the mobility.

2.2.2 Diffusion

The diffusion mechanism is originated by a different concentration of charges between
two regions of the semiconductor. Consider a slab of silicon with a different density
of electrons between right and left side: at thermal equilibrium the electrons have
the same average velocity and a random direction of movement. Therefore, since

the electron concentration is not constant, there will be a greater number of electron
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flowing from the higher density region to the lower density one of the slab. The

current density due to the electron diffusion is

dn

in = qD,—. 2.36
Jn=aDn— (2.36)
Similarly, the hole current density is

. dp

Jo=aDy 7 (2.37)
where Z_Z and Z—i are the gradients of electron and hole concentration along the z

direction and D, /, are the diffusion coefficients of the carriers. At thermal equilib-
rium, for not degenerate semiconductor (n < N, and p < N,,), these coefficients are

associated with the mobility by the relationships:

kT

D, = (?)un, (2.38)
and
D) = (k%)ﬂp' (2.39)

Equations 2.38, 2.39 are known as Einstein relationships. When drift and diffusion
act simultaneously, the total current densities for electrons and holes are given by the

sum of the two contributes:

dn
= qnu, D, =" 2.40
7 qnin€ +q a7 ( )
. dp
Jp = aprye + Dy (2.41)
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2.3 Generation-ricombination

Whenever the thermal equilibrium condition of a physical system is compromised
(i.e., pn # n;%), processes exist to restore the system to equilibrium (i.e., pn = n;?).
This is the situation in which electrons and holes are generated or recombined, these
mechanisms change the numbers of carriers in the conduction and valence band.
Generation consists of an electron coming from the conduction band that occupies an
empty level in the valence band, the recombination is the inverse mechanism. These
two processes are perfectly balanced at equilibrium, while out the equilibrium the
algebraic sum of generation and recombination rate, called generation-recombination
rate U = GG — R is different from zero, U # 0. The three basic recombination processes

are:

e Band-to-band recombination, an electron in conduction band recombines with
a hole in the valence band. This transition is made possible by the emission of a
photon (radiative process) or by transfer of the energy to another free electron

or hole (Auger process).

e Single-level recombination, in which one only trapping energy level is present in
band gap. This mechanism can be described by four different processes, electron

and hole capture and electron and hole emission.

e Multi-level recombination, in which more than one trapping level is present in

band gap.

In addition, in high electric field, the generation of electron-hole pairs happens.
As previously mentioned, at low electric field the drift velocity of free carriers is
proportional to the electric field and the proportionality constant is the mobility
(pn = 1350 em®V=1s7t pup = 450 em?V~=1s7!). In an enough large electric field

condition, effects of nonlinearity in mobility and saturation of drift velocity are ob-
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served. At still large electric field, impact ionization or avalanche generation occurs.
At thermal equilibrium, the carriers both emit and absorb phonons and the total
rate of exchange of energy is zero. In the presence of an electric field, the carriers
acquire energy from the field and lose it to phonons by emitting more phonons than
are absorbed. At high electric field condition, the most frequent scattering event is
the emission of optical phonons. The carriers, on the average, acquire more energy
than they have at thermal equilibrium and the drift velocity approaches a saturation

value, as shown in figure 2.4

8E, ~ 107 om
3mmyg s

v = : (2.42)

where E, is the optical-phonon energy (~ 0.063 eV for silicon). When the electric field
is large enough the carriers gain enough energy to excite electron-hole pairs by impact
ionization and charge multiplication occurs. The electron-hole pairs generation rate

G from impact ionization is given by
G = ap,nu, + a,puy, (2.43)

where «,, is the electron ionization rate defined as the number of electron and hole
pairs generated by an electron per unit distance traveled. Similarly, «,, is the hole
ionization rate. «, and «, are strongly dependent on the electric field. A physical
expression for the ionization rate is

( ) qe ( €1 )
a\g) = —expl—
8(1 + —;p) “+ €T

o (2.44)

where E7 is the effective ionization threshold energy (in silicon, 3.6 eV for electrons
and 5 eV for holes), and ¢y, €,, and € are threshold fields for carriers to overcome the

decelerating effects of thermal, optical-phonon and ionization scattering, respectively.
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Figure 2.4: Dependence of the drift velocity on the electric field for electrons (blue
curve) and holes (red curve).

2.4 Basic equations for semiconductor-device operation

The basic equations for semiconductor device operation describe the static and dy-
namic behaviour of carriers in semiconductor under the effect of an external field,
that causes a deviation from the thermal-equilibrium conditions. The basic equations

can be classified into three groups:

e Maxwell equations for homogeneous and isotropic materials

0B
= —— 24
V xe o (2.45)
D
V x H= —a— + Jcond = Jtot (246)
ot
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V-B=0 (2.48)
B = uoH (2.49)

D(r,t) = / t es(t — t)e(r, ¢)dt (2.50)

—0
where € and D = e,e are electric field and displacement vector, respectively; H
and B are magnetic field and induction vector, respectively; J.,nq is the con-
duction current density and Jy,; the total current density; p(z, vy, ) is the total
electric charge density; €, and pg are the permittivity and permeability, respec-
tively. The most important, in this list of equations, is the Poisson equation
(equation 2.63) that determines the properties of the depletion layer of the p-n

junction.

e Current-density equations

Jn = qupne + qD,Vn, (2.51)
Jp = quppe — qD,Vp, (2.52)
Jeond = Jn + pr (253)

where J,, and J, are the electron and hole current densities. They consist of
the drift components due to the field and the diffusion components due to the

current concentration gradient.
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e Continuity equation

on 1

o Gy —Up+-V. 2.54

5t = Cn=Unt V- (2.54)
1

% =Gy~ Uy~ V-1, (2.55)

where G, and G, are the electron and hole generation rates due to external
influence as optical excitation with high energy photons or impact ionization

under large electric fields, while U,, and U, are the recombination rates.

2.5 The p-n junction

The basic equations presented in previous sections of this chapter are used to develop
the static and dynamic characteristics of an ideal p-n junction. A p-n junction is
a two-terminal device, that can perform various terminal functions based on doping

profile, device geometry, and biasing condition.

2.5.1 Depletion region and depletion capacitance

We assume an ideal p-n abrupt junction, where the impurity concentration changes
abruptly from acceptor impurities N4 to donor impurities Np, as shown in figure 2.5
(a). We first consider the junction at thermal equilibrium, without applied bias, and

without current flow. From equations 2.23 and 2.51

n=0=qpu, ——) = fpn——. 2.
Jn =0 = qu,(ne + . ax) P (2.56)
Similarly

OFr
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The condition of zero electron and hole current density requires that the Fermi level
must be constant through the p and n sides of the junction. The diffusion potential,

or built-in potential Vj;, is equal to

Ne N N, N

@Vii = Ey — (qVu + V) = kT In(—5%) — [kTIn (=) + kT In (—2)]

n; Mo Pro (2.58)
N0 Ppo NyNp
= kT In( nﬂp ) >~ KT In( 2 ).
Since, at equilibrium n,0pn0 = NpoPpo = n?,
kT kT n

Vs = —— In(220) = 25 (20, (2.59)

q Pro q np()

Equation 2.59 gives the relationship between the hole and electron densities on either

sides of the junction:

Vi

Pno = ppoexp(—(‘;ﬂl: )7 (260)
Vii

Npo = nnoexp(—iﬂl: ). (2.61)

Since at thermal equilibrium the electric field in the neutral regions of the semicon-
ductor must be zero, then the total negative charge per unit area in the p side must

be equal to the total positive charge per unit of area in the n side

Naz, = Npz,. (2.62)

From Poisson’s equation, for the abrupt approximation, we obtain

S;Vz = % - pif) = i[p@) —n(z) + Nj(2) — Ny (2)] (2.63)
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or

0*V

~ ez N QND for 0 <z <z, (2.64)
2 €
0’V q

~ gz ——N,4 for —z, <z <0. (2.65)
x €s

By the integration of equations 2.64 and 2.65 we obtain the electric field, as shown
in figure 2.5 (b)

N
c@) = — AT <o (2.66)
€s
and
N N
€5 €s

where ¢, is the maximum electric field corresponding to the junction at x = 0, it is

given by

Npz, gN
0% _ 174% (2.68)

lem| =
€s €s

Integrating equation 2.63 once again, we obtain the potential distribution and the

built-in potential (figure 2.5 (c)):

x
- - 2.
V(z) =emn(x ZW)’ (2.69)
1 1
Vi = §5mW = §5m(xn +z,), (2.70)

where W is the total depleted width. Replacing €, (equation 2.68) in equation 2.70,
we obtain the relationship between the total depleted region and the acceptor and

donor densities, for a two-side abrupt junction

W= [ (EA Iy, (2.71)
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Considering the case of a one-side abrupt junction in which Np > N4 or vice versa,

263‘/bi
W=/ : 2.72
qNp ( )

where Ng = Np or Ns. A more accurate result for the depletion layer width can

equation 2.71 can be reduced to

be obtained from equation 2.63 by considering the majority-carrier contribution in
addition to the impurity concentration, that is p &~ —¢q[Na — p(z)] on the p side
and p = —q[Np — n(x)] on the n side. The depletion width is essentially the same as
equation 2.72, except that built-in potential that is replaced by (Vj; — %) Therefore,

the depletion width at thermal equilibrium for one-side abrupt junction becomes

W= \/ ;\Z (Vi — %TT) — Lo /2B — 2), (2.73)

where 3 = & and Lp is the Debye length, which is a characteristic length for semi-

conductor. The Debye length is given by

[ e kT [ €
Lp= > = ° 2.74
b quB qNBp ( )

and it is inversely proportional to the square root of the majority doping density

on a one-side abrupt junction. For Si, at thermal equilibrium, the depletion width
of an abrupt junction is about eight times the Debye length. The Debye length for
silicon at room temperature, as a function of the doping density, is shown in figure
2.6. When an external bias V' is applied to the junction, the total potential across the
junction is given by (V4; + V') and (Vi; — V') for reverse and forward bias, respectively.
Substituting these total potentials in equation 2.73, we obtain the depletion width as

a function of the applied external bias. The depletion capacitance per unit of area

dQ.

is defined as e

where d(). is the incremental variation in charge per unit of area
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upon the incremental variation of the applied bias dV'. In one-side abrupt junction

simplification, the capacitance per unit of area is:

dQc  d(gNgW) qesNp 2kT
C= = =2 =/ Vi £V — 22
v dew? W 5 (Ve q )

NI

(2.75)

€s 1

= — Vz + BV —2)7 2.

’ﬁMWb g )
Equation 2.75 can be rewritten as
1 212
i E—QD(ﬁ'Vbi + BV —2), (2.76)
d(gz) o 2LpB 2 2.77)
v = e qesNp’ ’

where the signs + are for reverse and forward bias conditions, respectively. It is clear
by equation 2.77 the linear relationship between % and the bias V. The slope of the
plotting on é as a function of V' gives the impurity concentration of the substrate Ng,
while the intercept at é = 0 gives the built-in potential of the junction. Equation
2.77 holds for a more general distribution than just for an abrupt junction, and for a

general distribution we have

d( =) 2
i gesN(W) (2.78)
with
W = C(%, (2.79)

where N (W) is the doping density at « = W. By equation 2.74 note that the
capacitance-voltage data are insensitive to changes in the doping profiles that occur
for a distance shorter than the Debye length of the highly doped side. The doping

profile determined by the capacitance-voltage method has a spatial resolution of the
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order of the Debye length.
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Figure 2.5: p-n junction at thermal equilibrium. (a) Space charge distribution; the
dashed lines indicate the majority-carrier distribution tails. (b) Electric field profile.
(c) Potential variation with the distance, where Vj; is the built-in potential. (d)
Energy-band diagram. Figure from [7].
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Figure 2.6: Debye length in silicon at room temperature, as a function of the doping
concentration. Figure from [7].
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2.5.2  Current-Voltage characteristic

The current-voltage characteristic of a p-n junction is based on four assumptions:

e Abrupt depletion layer approximation: built-in potential and applied voltage
are supported by a dipole layer with abrupt boundaries, outside the boundaries

the semiconductor is assumed to be neutral.

e Boltzmann approximation: through the depletion layer, the Boltzmann rela-

tions similar to equations 2.23 and 2.26 are valid.

e Low injection: the injection of minority carrier densities are smaller compared

to the majority carrier densities.

e No current generation in the depletion layer: the electron and hole currents are

constant through the depletion layer.

We first consider the Boltzmann relation. At thermal equilibrium, this relation is

given by
Er — E; a\yp —
n= niexp(Fk—T) = nie:cp(wk—qu)), (2.80)
and by
p= niexp(TF) = niexp(%), (2.81)

where ¢ and ¢ are the potentials corresponding to the intrinsic level and Fermi level,
respectively (¢ = —F;/q and ¢ = —Er/q). At equilibrium the product between p
and n is equal to n?. Applying an external bias voltage, the minority carrier densities
on both sides of the junction changes, and the relationship np = n? is not anymore

valid. we rewrite now the two previous equations as:

n= nmazp(%). (2.82)
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Q(¢p - @Z))

'), (2.83)

p = niexp(

where ¢,, and ¢, are the quasi-Fermi levels for electrons and holes, respectively. From

equations 2.82 and 2.83:

On =10 — _m(nl) (2.84)
_ KT, p
p =+ 71n(n—i), (2.85)

and the pn product becomes

(¢ — ¢n)

pn = nZeap[ L2 O s

(2.86)

For a forward bias (¢, — ¢,) > 0 and therefore np > n?, whereas for reverse bias
(¢p — ¢n) < 0 and np < n?. From equations 2.51 and 2.82 and from ¢ = — 7 ¢ we

can write the electron current density as:

kT ET q
Jn = qpn(ne + — 7 n) = qunn(= v ) + qin— [kT(WJ Von)] =
(2.87)
—qpnn \J On-
Similarly, for hole we obtain a current density
Ty = —aip 7 . (2.88)

Therefore, the electron and hole current densities are proportional to the gradient
of the quasi-Fermi-level of electrons and holes, respectively. At thermal equilibrium
¢On = ¢p = ¥ = const, then J,, and J, are equal to zero. Since the electron density
n across the junction varies of many orders of magnitude from the n side to the p

side, while the electron current density J, is constant than ¢, must also be constant

68



over the depletion region. The electrostatic potential difference across the junction is
given by
V =¢p,— on. (2.89)

Combining equation 2.86 with 2.89 we obtain the electron density at the boundary

of the depletion region on the p side (z = —x,):

n? qV qV
_ _ av 9.
ny ppe:vp(kT) npoexp(kT), (2.90)

where n,, is the equilibrium electron density on the p side. Similarly, we obtain the
hole density at the boundary of the depletion region on the n side (z = x,,)

qV

Dr, = pnoea:p(ﬁ). (2.91)

The previous equations are the boundary conditions for the ideal current-voltage

equation. From continuity equations we obtain, for the steady state, these equations:

8nn 85 a2nn
Opn Oe a2pn
_ n— + D,—— =0, 2.
U= e or 1oy i P Ox? 0 (2.93)

where U is the net recombination rate, and the charge neutrality condition is valid
(T, — Mo & P — Pro)- Multiplying equation 2.92 by u,p, and equation 2.93 by fi,,n,,

and combining with the Einstein relation, D = % {1t we obtain

(Pn — Pno) *pn  (nn, — pn) €0py
— + Doy — To , (2.94)
Ta ox (G + b)) Ox
where
N + Pn
D, = , 2.95
7/ Dy + P/ D, (2.95)
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Pn — Pno _ N — Mo

v U

(2.96)

Ty =

From low-injection assumption (p, < n, & n,, in the n side region) equation 2.94

becomes
*pn
P 9x2

Pn — Pno apn
— 0 e 4+ D
MP ax +

Tp

= 0. (2.97)
In the neutral region the electric field is null, then equation 2.97 reduces to

a2pn Pn — Pno
— =0. 2.98
Ox? D,r, ( )

The solution of equation 2.98 with the boundary condition equation 2.91 and p, (z =

00) = Pno gives

qV _(:c—xn)

Pn — Pno = pno(eﬁ - 1)6 Lp y (299)

where
L,=+/D,7, (2.100)
and at ¢ = z,,

n D no
op _ 4pp (e?V/*T _ 1), (2.101)

h=—aDrg e = 7,

Similarly, for the p side, we obtain

) Dynye
o) Do oqV/kT _ ), (2.102)

Jn = ¢Dn Ox |—% L,

The total current is given by the sum of equations 2.101 and 2.102
J=J,+ J, = J((e?*T — 1)), (2.103)

where

_ qD,pr0 n anTLpO.

Js
L, Ly

(2.104)
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Equation 2.104 is known as the Shockley equation or ideal diode law. Figure 2.7
(left) shows the current-voltage characteristic curve of an ideal diode. For the silicon,
the Shockley equation gives only a qualitative agreement with the current-voltage
curve of a real p-n device, the departure from the ideal behaviour is due to the
surface effect, the generation and recombination of carriers in the depletion region,
the tunneling of carriers between states in the band gap, the high-injection condition
that can occur at relatively small forward bias and the series resistance effect. Beside,
in high electric field condition, in reverse bias region can occur a breakdown of the
junction (for example as a result of avalanche multiplication). The surface effects
are due to charges on or outside the semiconductor surface, that induce charges
into the semiconductor. These charges create surface channels or surface depleted
regions. For silicon, the leakage current generated by surface effects is much smaller
than leakage current generates by generation-recombination processes in the depletion
region. Consider first the generation current under reverse bias condition, the rate of
generation of electron-hole pairs under the conditions p < n; and n < n; is

OpOnUth Nt

E._E;
onerp( o

In; = —E, (2.105)

Te

U=

)+ apea:p(Eik’TEt)

where o, and o, are the hole and electron capture cross sections, vy, is the carrier
thermal velocity, Ny is the trap density, E; is the trap energy level and 7, is the
effective lifetime. The current due to the generation process in the depletion region
is given by

w
W
Tyen = / g|U|da ~ qUw = L4 (2.106)
0

e

where W is the width of the depletion region. At a given temperature Jg, is pro-
portional to the depletion layer width, which is proportional to the square root of
the reverse bias. The total reverse current can be obtained by the sum of diffusion

current in the neutral region of the junction and generation current in the depletion
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region

ID, n?  qN;W
Jr=q, L= A 2.107
R=( 7 No + - ( )

For silicon, that has a small n;, the generation current dominates the diffusion one.
A typical result of silicon is shown in figure 2.7 (right). In forward bias condition,
where in the depletion region dominates the capture process we have a recombination
current in addition to the diffusion current. The depletion layer capacitance consid-
ered previously accounts for most of the junction capacitance when the junction is
reverse-biased. In forward bias condition, there is a significant additional junction

capacitance from rearrangement of minority carrier density, this contribution is called

diffusion capacitance.
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Figure 2.7: Left: current-voltage characteristic of the ideal diode. Right: current-
voltage characteristic of a real diode. (a) Generation-recombination current region.
(b) Diffusion current region. (c) High injection region. (d) Series resistance effect.

(e) Leakage current in the reverse region due to generation-recombination and surface
effects. Figure from [7].
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2.5.3 Junction breakdown

In a p-n junction reverse biased and in high field condition, the junction ”breakdown”
can occur and a large current flux passes through the junction. The breakdown is due
to three mechanisms: thermal instability, tunneling effect, and avalanche multiplica-
tion. In this section, we will only discuss the avalanche multiplication mechanism.
The avalanche multiplication or impact ionization is the most important mecha-
nism in junction breakdown. We first consider a hole current I,,, on the left-hand side
(x = 0) of the depletion region with width W. If the electric field in the depletion
region is high enough than pairs electron-hole are generated by impact ionization
process and the hole current I, will increase with distance through the depletion re-
gion. the current I, reaches the maximum value of G,I,, at * = W. Similarly, an
electron current [, will increase from x = W to x = 0. The total current I = I, + I,
is constant in a steady condition. The incremental hole current at x is equal to the

number of electron-hole pairs generated per second in the distance dzx.

d<%> - <%><apdx> + <%><andx> (2.108)
dlp B
%_(ap_an)]p_anI’ (2109)

where oy, and «, are the hole and electron ionization rates. The term G, is the

multiplication factor of holes and is defined as

(2.110)

The avalanche breakdown voltage is defined as the voltage for which the G}, factor
approaches infinity. As discussed previously, the electric field and the potential in the

depletion region are determined from the solutions of Poisson’s equations, knowing
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the boundary conditions we can obtain the breakdown voltage of one-side abrupt

junction.
mW S 2
Vi(breakdown voltage) = £ 5 = 628’” (Np)™, (2.111)
q

where Np is the ionized backgroung impurity concentration, €, is the semiconductor
permittivity and ¢, is the maximum electric field. For the Si junction the maximum

field value is
B 4 % 10°
1 — 3logi1o(Np/10'6)’

Em (2.112)

where Np is in em™3.
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Chapter 3

Operating principle of a silicon detector

The operating principle of an n-on-p pad silicon detector is shown in figure 3.1. An
external bias voltage polarizes the p-n junction inversely, creating a large depleted
volume. When a particle crosses the sensor, it creates along its path electron-hole
(e-h) pairs, whose number depends on the particle type, energy, and on the sensor
thickness. Under the influence of the electric field in the depletion region, the electrons
drift towards the n™* contact and the holes towards the p** contact, inducing a
current signal on the electrodes. This current signal starts when the impinging particle
passes through the sensor and it ends when the last charge carrier is collected by the

electrodes.

Figure 3.1: Basic operation principle of an n-on-p silicon detector.

3.1 Particle interaction in silicon

Charged particles have electromagnetic interaction with the electrons of the silicon
atoms, losing energy gradually and causing two different processes: atomic excitation,

displacing an electron to a higher atomic orbital; ionization, producing an electron-ion
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pair if the transferred energy is higher than the ionization potential of the silicon. The
ionization is the predominant process in silicon sensors, whose operation is mainly
based on this effect. The average energy lost per unit length by a particle crossing
the matter is called Stopping Power, and it is given with good approximation by the

Bethe-Bloch formula [9]:

dE

7 22 1 1 2m30262'72Tmam
—— —1In
dx

170 B

_62__]7 (31)

2, 2
=A4AnNar;mec™p

where FE is the kinetic energy of the impinging particle of charge z, with moving
velocity f = v/c and Lorentz factor v =1/ \/1—762 . I is the mean excitation energy
of the target material, characterized by density p, and atomic and mass number Z and
A. Tae is the maximum kinetic energy that could be transferred to a free electron
in a single collision. N4, r. and m, are the Avogadro Number, the classic radius of
the electron, and the mass of the electron, respectively. At last, ¢ is the high-energy
corrective term for density. According to Bethe-Bloch formula, the ionization loss is
proportional to electron density in the medium pZ N4 /A, to the square of the particle
charge, and it strongly depends on the incident particle velocity; at low momenta,
the energy loss decreases proportionally to 1/5%. Figure 3.2 shows the energy loss
for a positive muon in copper, as a function of its parameter 5. Figure 3.3, instead,
shows the same curve for different particles in different materials; the stopping power
on the y-axis is divided by material density so that it is independent of the medium
crossed.

A particle whose energy loss is at the minimum of the Bethe-Bloch function is
called Minimum Ionizing Particle (MIP). In silicon, the minimum of ionization oc-
curs at fv = 3, which corresponds to a stopping power per density unit of about
1.66 MeVem?/g.

The energy lost by a particle follows the Landau distribution, which is an asym-
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Figure 3.3: The Bethe-Bloch curves for heavy charged particles in different materials.
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metric distribution with a not negligible tail at high energies due to delta rays [10].
The delta rays appear when a particle loses a large amount of its energy during an
interaction and the electrons produced have enough energy to ionize other atoms.
Due to this asymmetry, the mean value of the distribution does not match with the
most probable value (MPV), which is 30% lower.

A MIP crossing a silicon detector usually produces, by ionization, 73 electron-hole
pairs per micron of thickness; the energy needed to produce a single pair is 3.6 eV,
about three times the band gap of silicon since there is a lot of energy lost in lattice
oscillations (phonons). Overall a MIP, crossing silicon, loses a small amount of its
energy, ensuring the complete crossing of the active thickness of the detector.

Light charged particles such as electrons and positrons behave differently com-
pared to heavy particles; for these particles, another process of energy loss must be
considered, the Bremsstrahlung, negligible for heavy particles. The Bremsstrahlung
is the emission of photons by electrons and positrons when they are decelerated by
the electromagnetic field of nuclei. This contribution must be considered in the total

energy loss:

dE dFE dE
(%)tat - (%)Brems + (%)Iom (32)

where the contribution of Bremsstrahlung can be written as:

1 dE FE
__(_)Brems = <
p dx Xo

where X is the radiation length, that is the distance in the medium needed to reduce
the electron energy by a factor e.

Finally, it is interesting to mention the interaction of o particles. The « particles
are very heavy, the stopping power is located in the first part of the Bethe-Bloch
curve where the energy loss is very strong. Therefore the a particles lose all their

energy in a few microns of the silicon detector.
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3.2 Signal formation in silicon detector: Shockley-Ramo’s theorem

The current signal induced in a parallel plate detector can be described simply con-
sidering a charge ¢ moving in the electric field generated in the detector by two
electrodes, to which a bias voltage is applied. The charge ¢ induces charges of op-
posite sign on both electrodes, which are a fraction of ¢ sot that the total sum of
the induced charges on both electrodes is equal to —g. The induced charge on an
electrode varies in time since the charge ¢ is drifting into the volume of the sensor,
therefore also the electrostatic flux on a Gaussian surface surrounding the electrode
varies in time, generating a current signal. To evaluate the current signal we consider
a system of n-electrode, to each of which a certain potential is applied. An electric
field is generated in the volume enclosed by the electrodes; a free charge in this vol-
ume starts to drift under the effect of this electric field. The induced current on the

k-th electrode is given by:

ilt) = o 742 e B(Ft)-dy). (3.4)

To know the induced current we need to know the electric field, which is not an
easy task; Shockley-Ramo’s theorem simplifies it. Two possible sets, A and B, of
the above electrodes system, are considered; the Green’s reciprocity theorem states
that: i Q;‘VJB => i Qf VjA, where ) and V' are the induced charge and the electrode
potential, respectively. If set A includes all the electrodes grounded and a charge g,
present among them, while, set B includes g, removed and the k-th electrode at a

potential V;? (all the other electrodes are grounded), the Green’s theorem states:

qp - VpB + Q? ’ szB =0, (35)
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A .

Qr = _QP# = —qp V- (3.6)

k
This result states that the induced charge on the k-th electrode has the opposite
sign of the charge ¢, generated in the sensor bulk, and it is a fraction of ¢, given
by the adimensional ratio V,,, between the potential of the point where ¢, is and
the potential of the k-th electrode. The induced current on the k-th electrode is the

temporal derivative of Q, written as Qy(t).

i(0) = T2 = g, 97,0l (0) 5(0), 20)) = Bt 3.)
where ¢ is the drift velocity of the charge and VV, = E, is the weighting field.
Equation 3.7 is known as Shockley-Ramo’s theorem [11, 12]. The weighting field
describes the coupling between the charge ¢, and the k-th electrode when all the other
electrodes of the system are grounded and the k-th electrode is at 1 V' of potential,;
its dimension is the reciprocal of a length [m™!]. The weighting field is crucial for
signal formation in a silicon detector, indeed if we consider a fixed charge generated
by an impinging particle in the sensor volume and a saturated drift velocity of this

charge, the weighting field defines the induced current signal.

3.3 Radiation damage in silicon devices

The radiation damage in silicon sensors can be classified in surface and bulk damage,
the second one is the limiting factor for the use of silicon detectors in high radiation
regions of HEP experiments.

The radiation damage mechanism is based on the interaction between high energy
particles (hadrons, leptons, and photons) and silicon atoms of the crystal lattice. This
interaction produces displaced atom from lattice site resulting in a silicon interstitial

and vacancy, called Frenkel pair. A part of Frenkel pairs annihilate causing no dam-
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ages, the remaining interstitials and vacancies migrate through the lattice reacting
with other impurity atoms existent in the silicon and producing point defects. How-
ever, atomic displacement occurs if the imparted energy by the impinging particle is
higher than the displacement threshold energy E4 (~ 25 eV'); therefore, the displaced
atom could have a very high energy producing consequently ionization and further
atomic displacements. At the end of the recoil range, non-ionizing reactions pre-
vail, which produce a dense agglomeration of defects called cluster, figure 3.4. Point
and cluster defects are responsible for the macroscopic deterioration of the detector

properties.
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Figure 3.4: Monte Carlo simulation of a recoil atom track with a primary energy Eg
of 50 keV. Figure from [8].

3.3.1 Non lonizing Energy Loss scaling hypothesis

Different kinds of particles and different kinds of interactions, depending on the par-
ticle energy, produce atomic displacements; the Non Ionizing Energy Loss (NIEL)
hypothesis parametrizes how the silicon bulk damage scales with the energy imparted
in displacing collisions. The basic assumption of the NIEL is that the displacement-

damage induced in the material is linear with the amount of energy imparted in
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displacing collisions. In each primary interaction a displaced atom, with a specific
recoil energy Fgr, is produced; the fraction of this recoil energy that is deposed in form
of displacement damage depends on E itself and can be analytically calculated by
Lindhard partition function P(ERg), [13]. Therefore, thanks to this partition function,

the NIEL is expressed by the displacement damage cross section

D(E):ZJV(E)-/O Y p(E,Er)P(ER)dEn (3.8)

where v indicates all the possible interactions, between impinging particle of energy F
and silicon atoms, those produce atomic displacements in the silicon lattice. o, is the
cross section corresponding to v interaction, and f, is the generation probability of a
displaced atom with a recoil energy Er by a particle with energy F, for an interaction
type v. Figure 3.5 shows the displacement damage cross section for neutrons, protons,
pions, and electrons in an energy range between few meV and 10 GeV. The damage
induced by low energy protons (< GeV) is much larger than that for neutrons, since it
is dominated by Coulomb interaction; instead at higher energy (~ GeV') the Coulomb
contribute becomes very small and the nuclear reactions for protons and neutrons
are practically the same, as the result both damage function approach to almost a
common value.

Using the displacement damage cross section is possible to define the hardness
factor k, allowing to compare the damage efficiency produced by particles of different
kind and energy. It is custom to define this factor by comparing the damage produced
by a specific irradiation fluence with the damage which would have been produced

by 1 MeV neutrons at the same fluence

o J D(E)¢(E)dE (3.9)
D(E, = 1MeV) - [ $(E)dE ’

where D(E,, = 1MeV) is set to 95 MeVmb. The equivalent 1 MeV neutron fluence
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can be calculated as the product of the hardness factor with the effective irradiation

fluence.
Geqg = KO = K/QS(E)dE (3.10)
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Figure 3.5: Displacement damage cross section D(E) normalized to 95 MeVmb for
neutrons, protons, pions, and electrons. Due to the normalization to 95 MeVmb the
ordinate axis represents the damage equivalent to 1 MeV neutron. Figure from [8].

3.3.2 Impact of defects on silicon detector properties

As already mentioned in this section, radiation generates point defects and clusters;
in this subsection, the impact of these defects on the properties of silicon detectors
will be mentioned with special attention to effects that are relevant for UFSDs.
Radiation creates defects as silicon interstitials (Si; or I), vacancies (V'), and
clusters, however, with the creation of these defects the radiation damage does not
end. These defects are very mobile at room temperature and migrate through the
silicon lattice, reacting with impurities and giving rise to further defects. One of the

most interesting reactions happens between Si; and substitutional impurities such
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as By and C,. This reaction, called Watkins replacement mechanism, equation 3.11,
can eject these impurities from their substitutional sites making them interstitial,

electrically active, and mobile inside the silicon lattice.

Si; + Cy — Siy + C;,
(3.11)

BiBs |

Bj BiO; )<

BiCs |
[ (Siy (Si)O;

CiCs
Ci CiPg <
CiOj
; L
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|
i t f t
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Figure 3.6: Silicon interstitial reactions with impurities and defects stability as a
function of temperature. Figure from [8].
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Figure 3.7: Different defect level locations in band gap and their effects on macro-
scopic properties of detector.
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Figure 3.6 shows schematically the formation of B; and C}, and their reactions
with interstitial oxygen (O;). The typology of the defect and its level position in
the band gap acts on the macroscopic properties of the detector (resistivity, leakage
current, depletion voltage, charge collection efficiency, etc.), figure 3.7. Below a brief

description of the effects due to radiation on the macroscopic properties more interest

for this work, [14]:

e Leakage current ([u,;): defects close to the middle of the band gap are
generator centers of electron-hole pairs, hence responsible for the increase of the
current. The leakage current is often described by the factor called generator
lifetime (7,)

n;
Lo = VQOT_ (3.12)

g
where V' is the depleted volume of the sensor and n; the intrinsic carrier density.
In irradiated sensors the increase in current (A7) given by the difference between
the leakage currents measured after (Ip,x(¢)) and before (I, (0)) irradiation
is proportional to the irradiation fluence, equation 3.13, figure 3.8. Al can
be approximated with Ip(¢), since Ip,x(0) is negligible compared with the

current after irradiation, for irradiation fluences above 10'? n,,/cm?.
Al =Vap ~ Lyk(o), (3.13)

where the proportionality factor ac ~ go(n;/7,)¢ is called current-related damage

rate.

e Depletion voltage (Vrp): defect levels close to the conduction and valence
bands contribute to modify the space charge density (N.yy), affecting the deple-
tion voltage of the sensor, equation 2.75.There are two mechanisms that act on
the space charge density: the acceptor creation and the donor/acceptor removal.

Acceptor creation is due to defects which act as acceptors, and increase Ny in
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Figure 3.8: Dependence of the leakage current on the irradiation fluence for silicon
detectors produced by various technological processes, after an annealing treatment
of 80 min at 60 °C'. Figure from [§]

p-type bulk and cause type inversion in n-type bulk, shown in figure 3.9 (left).
Donor /acceptor removal mechanism is not fully understood, but experimental
pieces of evidence suggest the creation of ion-complexes which react with sub-
stitutional donors and acceptors removing them from their lattice sites; thus
the effective dopant concentration change, in other words, donors and acceptors

have been removed. The space charge density can be parameterized as:

Neff = NDOG_CD¢6‘7 — NAOG_CA¢6‘1 — geff¢eqa (314)

where Np, /4, are the initial donor/acceptor concentration, cp/4 are the donor/
acceptor removal rate, and g.rr = 0.02 em ™! is the term of acceptor creation; a
different sign is attributed to donors and acceptors. The donor/acceptor removal
coefficients are not a constant, they are a function of initial donor/acceptor

density:

ND/AO )_6

3.15
DLy, (315)

cpja(Npja,) = o
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where Ny is a constant term and —a, [ are empirical coefficients. Figure 3.9
(right) shows the experimental measurement of acceptor removal rate as a func-
tion of initial acceptor density; an important observation on cy4 is that the ac-
ceptor removal rate is less important at high initial doping concentration, the

same consideration applies to donor removal rate.
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Figure 3.9: Left: depletion voltage and space charge density variation measured after
irradiation and annealing treatment for 80 min at 60 °C. Figure from [8] .Right:
boron and gallium removal coefficient as a function of the initial boron and gallium
concentration for neutron and proton irradiation.

e Charge Collection Efficiency (CCE): electrons and holes created by ioniz-
ing particles into the depleted volume of the sensors drift towards the electrodes,
this mechanism is called Charge Collection (CC). Some of these charge carriers
are trapped by deep defects along their drift path, this effect is called trapping.
As a result, the current signal in an irradiated sensor follows an exponential

decrease as a function of time
__t
I =Iye ™ir. (3.16)

Therefore longer is the drift time, higher is the probability that a charge carrier

is trapped. The time constant 7.s¢ is given by

1

Teff

= gbeqﬂe/h(t); (317)
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therefore, it is a function of the irradiation fluence and the /3., parameter.
Moreover, if the de-trapping time is longer than the shaping time of the readout
electronic, than the trapping will result in a decrease of the CCE (i.e. the ratio
of the number of collected charges over the number of generated ones). Figure
3.10 shows the effect of trapping on the collected charge for a 300 um thick

n-on-p sensors as a function of the irradiation fluence [15].
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Figure 3.10: Collected charge for 300 pum thick n-on-p sensors as a function of irradi-
ation fluence. Figure from [15].

An important technique that helps to partially recover the irradiated sensor per-
formances is the annealing. Annealing consists of heating a sample at a temperature
usually below 100 °C', for periods that vary from tenths minute to tenths hours. The
provided thermal energy (E ~ kT') at lattice reduces considerably part of the ra-
diation damages, improving the sensor performances. The current-related damage
rate, the space charge density, and the trapping time constant depend on annealing
temperature and time. The current-related damage rate decrease with the increase
of annealing temperature and time, figure 3.11 (left); figure 3.11 (right) shows the

variation of space charge density with annealing time, for treatment at 60 °C'; at last,
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annealing also has benefits on CCE, resulting in a lower trapping probability [16].
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Figure 3.11: Left: current related damage rate as a function of annealing time at dif-
ferent temperatures. Right: variation in effective doping concentration as a function
of the annealing time in irradiated sensor annealed at 60 °C. Figure from [8].
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Chapter 4

Ultra Fast Silicon Detector

Ultra Fast Silicon Detector is a new silicon sensor design able to perform time and
space measurements with excellent accuracy; hence, this design is suitable for 4 di-
mensions tracking. The objective of the UFSD project is to achieve a time resolution
of ~ 30 ps and a spatial resolution of ~ 10 pm due to the combination of a moderate
intrinsic gain of ~ 20 implemented in a thin sensor of ~ 50 pm thickness and the
possibility of a fine segmentation of the sensor.

In this chapter we will discuss, the main ingredient for a good time resolution
measurement, the low Gain Avalanche Diode technology, at the basis of UFSDs and
how as this technology has been optimized for time measurements. Afterward, we
will describe the UFSD segmentation technology required for the design of large area
sensors for tracking in 4 dimensions. Finally, in the last part of the chapter, we will
discuss the radiation damage in UFSD, possible technological solutions to improve the
radiation hardness, and the ability of performance recovery. The radiation hardness
is a key point to operate UFSD in harsh environments such as the HL-LHC scenario.

All the topics covered in this chapter are detailed in [5, 17, 18, 19, 20, 21].

4.1 LGAD technology

Charge multiplication is a well understood mechanism in solid state sensors and it
is based on the avalanche process initiated by a charge moving in a high electric
field. The gain is defined as the ratio between the number of electron/hole pairs pro-
duced on the number of electron/hole pairs produced in the absence of multiplication

(G = N¢p/Noen). The avalanche process is widely used in semiconductor sensors as

Avalanche Photon Diodes (APD) and Silicon Photon Multipliers (SiPM) [22], with a
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gain of about 100 and 10000, respectively. The Low Gain Avalanche Diode (LGAD) is
a new development of silicon sensor, which merges the best characteristics of standard
silicon sensors with those of APDs and SiPMs.

In silicon sensors, the charge multiplication happens when the charge carriers cross
a region with an electric field (¢) greater than of 300 £V /cm. Under this condition,
the electrons (and to less extent the holes) acquire enough kinetic energy to produce,
by impact ionization, additional e/h pairs. In standard silicon sensor (PiN) high
value of the electric field is obtained exclusively applying a high external bias voltage,
which would cause a breakdown in the device with certainty; in LGAD sensors, the
value of ~ 300 kV/cm can be obtained by implanting an additional doping layer of
pT material (boron or gallium) close to the n-p junction. A schematic drawing of
a standard silicon sensor n-in-p and LGAD are shown in figure 4.1. The additional
pt layer, a few microns wide, is characterized by an appropriate acceptor density
(N4 ~ 10'/ecm?), that generates locally an electric field high enough to activate the
avalanche process. This additional layer is implanted in a high resistivity p-bulk (float

zone or epitaxial) with an acceptor concentration of about 10M-10'%/cm?.
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-| p++ b___—p'”‘
Traditional silicon detector Low gain avalanche detectors

Figure 4.1: Left: traditional silicon sensors m-in-p (no gain). Right: Low Gain
Avalanche Diode with the additional p* layer close to the n-p junction. Figure from
[19].

Figure 4.2 shows the electric field in a 300 pum thick LGAD at three different bias
voltage (50 V', 200 V, and 600 V') and in a PiN diode at 600 V, in linear (left) and
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logarithmic (right) scale. The electric field in LGAD is divided into three different
regions: the drift volume is the region with a rather low electric field (¢ ~ 30 kV/em);
the thin multiplication region, of depth of few microns, with a very high electric field
(e ~ 300 kV/cm); the zero-field region where the electric field drops to zero, this
region spatially overlaps with the n** electrode, which is partially not depleted due

to its high doping concentration (Np ~ 10 /cm?).
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Figure 4.2: Electric Field of a 300 um thick LGAD at different bias voltage compared
to a traditional silicon sensor (no gain), with depth-axis in linear (left) and logarithmic
(right) scale. Figure from [5]

4.1.1 Charge multiplication

As already mentioned in section 4.1, the avalanche multiplication mechanism starts
when a charge carrier passes through a high electric field region. According to the
theory of impact ionization model (equation 4.1), the number N.,(d) of e-h pairs
generated by the avalanche has an exponential dependency on the impact ionization

coefficient a.j and on the length d travelled inside high electric field region

Nep(d) = No.epeend. (4.1)

The first parameter to consider in order to understand the mechanism of charge
multiplication is the path length d. Assuming to have two hypothetical LGADs with

pT layer implanted at two different depths (shallow and deep) from the n™* electrode:
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assuming equal impact ionization coefficients, the gain will be greater for the deep
gain layer. Vice versa, if we want to have the same gain for the two depths of gain
layer the higher electric field for the shallow one must be higher than of the deep one.
This is due to the longer path length in the multiplication region travelled by the

charge carriers in the deep gain layer configuration, figure 4.3.

: n* zn++

Eas

— Shallow - | Deep
Electric field Electric field

Figure 4.3: Schematic drawing of LGADs with shallow (left) and deep (right) gain
layer implant with their respective electric field profiles.

The second parameter in the avalanche multiplication law is the ionization coeffi-
cient o, which is the number of e/h pairs generated per length unit by a single charge
carrier. This coefficient is different for electrons (c,) and holes (o). The inverse of
the ionization coefficient is the mean free path (\) needed to achieve the multipli-
cation. Impact ionization occurs when the charge carrier travels a distance between
two scattering centres (phonons and defects) long enough (> \) to acquire kinetic
energy greater or equal to the first ionization energy E;. FE;, using the conservation
law of momentum and energy, can be estimated to be about 1.5E,, where E, is the
energy gap of the semiconductor (1.12 eV for silicon at 300 K). This mechanism
of multiplication suggests a dependency of the ionization coefficient and mean free
path on the electric field. Simplified avalanche multiplication model (similar to the

ionization in gases) is the Chynoweth model [23]:

1 Bn,p

Qpp(e) = ——— = Appe = (4.2)




where the coeflicients A,,, are the maximum number of e/h pairs that can be gen-
erated in presence of a very high electric field, € is the electric field and B,,, are

coefficients derived from experimental fits and depends linearly on the temperature:

B, ,(T)=Chp+ Dy, T. (4.3)

Numerical values of A, ,, and B, , can be found in [24, 25, 26]. Equation 4.3 in-
troduces also a relationship between ionization coefficients and temperature: the
mean free path necessary to achieve multiplication is lower at low temperature (mi-
nor phonon population) causing an increase of gain, for equal electric field condition.
More complex and realistic multiplication models are based on numerical simulation
[27]; the four most important models are Van Overstraeten-De Man [28] and Massey
[29] (both Chynoweth-like expression), Okuto-Cromwell [30], and Perugia model. Fig-
ure 4.4 shows the relationship between the mean free path and the electric field at
temperatures of 300 K and 250 K for the three models Massey, Van Overstraeten-De

Man, and Okuto-Cromwell.
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Figure 4.4: Mean free path of electrons (top) and holes (bottom) as a function
of the electric field, for the three avalanche multiplication models: Massey, Van
Overstreaten-de Man, and Okuto-Crowell. The mean free path at a temperature
of 300 K is plotted in blue, while at 250 K in grey.
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Additional consideration on the mean free path will be shown in section 4.8.3,
where possible solutions to recover the full operation of irradiated sensors are illus-

trated.

4.2 Time-tagging detector

A time measurement relies on the read-out electronics capability to determine the
time of passage of a particle, using as input the signal generated by the sensor. The
main feature of the signal, for accurate time measurements, is to have a constant
shape that scales with the amount of energy deposed. Figure 4.5 shown a very simple
model of a sensor and the main electronic components able to measure the time of
arrival of a particle (time-tagging detector), for an up-to-date review of current trends
in electronics see [31]. The sensor, modelled as a capacitance (Cy) with a current
generator (I;,) in parallel, is read-out by a preamplifier that shapes the signal. The
preamplifier output is compared with a voltage threshold (V};,) to determine the time
of arrival of a particle. The output of the comparator is digitized in a Time-to-Digital
Converter (TDC). In the following, we will consider this simple model and we will
do not use other approaches as waveform sampling, which are more complex and
space-consuming. In this model, the time of arrival of the particle is defined as the
time when the signal of the preamplifier crosses the threshold set in the comparator:
any effects that change the shape of the signal near the threshold value can anticipate
or delay the time measured and therefore affect the time resolution (o). The time

resolution, equation 4.4, is affected by several contributes:

2 _ 2 2 2 2
Ot = O Jitter + O Ionization + O Distortion + O1pC (44)

e Electronics, mainly due to the noise and the slew rate (how fast the signal rises),

(UJitter ) ;
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e No uniform energy deposition by the particles determines irregularity and vari-

ation in amplitude of the signal, (0 onization);

e Signal distortions, due to non-saturated drift velocity of charge carriers and

non-uniform weighting field, (o pistortion);

e TDC binning uncertainties, (orpc);

Each of these contributes will be discussed in detail in the sections, also using

simulation results obtained whit the simulator Weightfield2 (WF2) [32].

TDC

£
\_\U
||_
O
[+

Vi gompcrmor

Sensor Pre-Amplifier Time measuring circuit

Figure 4.5: Simple block representation of a timing-tagging detector. The arrival
time of a particle is measured when the signal crosses the comparator threshold V;y,.
Figure from [18].

4.2.1 Jitter

The presence of noise on the signal itself or in the electronics induces amplitude vari-
ations around the threshold value of the comparator, causing the early or late firing
of the comparator itself; this generates the term in the time uncertainty expression

called jitter. The jitter, equation 4.5, is directly proportional to the noise N of the
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Figure 4.6: Jitter term, that causes the early or late firing of the comparator.

system and inversely proportional to the slope of the signal around the threshold
value of the comparator, figure 4.6. Assuming a constant slope of the signal, we can
write dV/dt = S/t,;se, where S is the amplitude and ¢, is the rise time of the signal,

therefore:
] o N —~ 2frise
OJitter =y at SN

(4.5)

The jitter can be minimized with sensor and electronic design optimization, which is
a balance between two competitive effects: large slew rate requires wide bandwidth,

which however increases the noise and therefore the jitter.

4.2.2 lonization

The ultimate limit to signal uniformity is given by the physics governing the energy
deposition when the particle passes through the sensor. The charge distribution
generated into the sensor by ionizing particle varies on an event-by-event basis. These
variations produce two effects, irregular current signals (Landau Noise) and changes in

signal amplitude (Time Walk). These two effects are related to each other (discussion
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in section 7.4).

1. Landau Noise: Figure 4.7 (top) shows three examples of energy deposition,
simulated using the Weightfield2 program (WF2) [32], released by a minimum
ionizing particle along the active thickness of a 200 pm thick traditional (no

intrinsic gain) silicon sensor; while figure 4.7 (bottom) shows the associated

generated current signals and their electron and hole components.

a* -t

1
total current j . total current

LY

g,

total current !
2 electron current

hole current

i i i w'
» [1] v 2 ] ] s ] 11} a s

Figure 4.7: Three examples of simulated energy deposition in a traditional silicon sen-
sor (top), and their corresponding total, electron, and hole current signals (bottom),
WEF2 simulation.

The variations of energy deposition are rather large and they can degrade a
lot the achievable time resolution. There are two methods to mitigate landau

noise:
e Integrating the output current over times longer than the typical spike
length;

e Using thin sensors, its steeper signal is less sensitive to signal fluctuations.

The intrinsic limit of Landau Noise is about 25 ps in a 50 pum thick sensor,
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while it is about 60 ps in a 300 pum one.

In a well designed system, the landau term is the dominant contribution to the

total time resolution.

2. Time Walk: the Time Walk term is due to the fact that larger signals cross
a fixed threshold earlier than smaller ones, figure 4.8 (left). Let’s assume for
simplicity a linear signal with amplitude S and rise time ¢,;,.; this signal crosses

the threshold Vj;, with a delay t,4, figure 4.8 (right).

threshold

threshold

v
f
!

A
g
v

Figure 4.8: Left: two signals with different amplitudes, that cross at different times a
fixed threshold, generating Time Walk, [33]. Right: linear signal of amplitude S and
rise time t,;s, that crosses a threshold Vi, with a delay t4. Figure from [33].

Using the geometrical relationship t4/t.ise = Vin/S, the instant of time when
the signal crosses the threshold can be written as t; = t,.5Vin/S; the Time
Walk is then defined as the rms of t,:

V, N
OTimewalk = [tdlrRMs = [#]RMS x [W]RMS- (4.6)

In this equation, where we use the relationship of equality S/t = dV/dt and
we use the custom to express Vj;, as a multiple of the noise NV of the system, is
evident that the time walk contribution is minimized in systems with low noise

and high slew rate.
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The Time Walk effect is inevitable, but it can be corrected using appropriate

electronic circuits, section 4.5.

4.2.3 Distortion

In each particle detector, the shape of the current signal can be calculated using
Ramo-Shockley’s theorem (i o qugsE,), equation 3.7. This equation indicates several

key points in the design of the sensors to achieve accurate time measurements.

Electrodes
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Figure 4.9: Left: the signal shape depends on the drift velocity of electrons and
holes generated by the impinging particle; in non-saturated drift velocity condition,
the signal shape depends on the particle hit position. Right: weighting field for two
different strip geometry: wide strip (right) with a strip width of 290 ym and a pitch
of 300 pwm, thin strip (left) with a strip width of 50 pum and a pitch of 100 pm. In
this second strip geometry, the weighting field is not uniform along the x-axes and a
particle hitting near the center of the strip electrode generates a much steeper and
faster signal.

1. The drift velocity of the charge carriers must be uniform everywhere in the
active volume of the sensor, since non-uniform drift velocity induces variations
in the signal shape that depend upon the particle hit position, spoiling the
overall time resolution, figure 4.9 (left). The simplest way to obtain a uniform
drift velocity in the active volume of the sensor is to have an electric field high
enough to saturate the carriers drift velocity. The relationship between drift
velocity of charge carriers and the electric field is linear up to a value of the

electric field of 30 kV/cm, after which it saturates, figure 2.4.
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2. The weighting field represents the capacitive coupling of a charge with the
readout electrode. If this coupling changes significantly along the pitch implant,
then the signal shape depends on the hit position of the particle. Figure 4.9
(right) shows two different strip geometries: first one, on the right, is a wide
strip with an electrode width close to its pitch; the second one, on the left, is a
thin strip with strip electrode much narrower of the pitch; in this second case

the weighting field is located exclusively below the strip implant.

424 TDC

The time information is computed by a TDC, where the time of the leading edge of the
discriminator signal is digitized and placed in a time bin of width AT, given by the
TDC least significant bit. This process adds a contribution to time uncertainty equal
to AT/ v/12. The TDC term in time resolution, equation 4.4, can be neglected thanks
to the fine binning of TDCs commonly used in high energy physics experiments: for
instance, the HPTDC [34] has a bin width of 25 ps that will contribute with an overall

uncertainty of 7 ps.

4.3 UFSD signal formation

Weightfield2, a full simulation software, has been developed in Torino to assess the
timing capability of UFSD sensors and to simulate the current signal of LGADs. The
software has been validated by comparing the simulated signal for MIP and alpha
particle with TCAD simulation and with experimental measurement performed at
beam test, finding excellent agreement in both cases. Hence, WF2 is a very useful
tool to investigate the main UFSD signal properties.

To understand the characteristics of the UFSD current signal it is necessary to
study first the signal formation in a traditional (no-gain) silicon sensor. Using Ramo-

Shockley’s theorem equation 3.7, it is possible to calculate the maximum current in
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a pad diode (without internal gain) of active thickness d, and in the condition of

carriers drift velocity saturation:

1 1
Imar X ngvsat = (nefhd>qavsat = Np—eqUsat, (47)

where we assumed the weighting field E,, proportional to 1/d and where N is the
number of e/h pairs created along the sensor thickness. N is given by the product
between the sensor thickness d and the number of pairs n./, created for unit length,
assuming a uniform charge creation. Equation 4.7 shows a very interesting result
about the no-gain silicon sensor: the maximum of current does not depend on the
sensor thickness. In thicker sensors more e/h pairs are created (N is bigger), however,
the charges contribute less to the initial current generation, due to the lower weighting
field (E,, o« 1/d). In thicker sensors, compared to thinner ones, the capacitive coupling
between the generated charges and the readout electrodes is smaller. The relationship
between current and sensor thickness in traditional silicon sensors yields an always
equal peak current, I,,,. ~ 1.5 uA. Equation 4.7 imposes a limit to the reachable
time resolution by silicon sensors without gain, due to the current peak limited by the
saturated value of carriers drift velocity and a fixed number of e/h pairs generated
per length unit. In conclusion, traditional silicon sensors are not suitable to perform
an accurate time measurement and it is, therefore, necessary to boost the current
using gain mechanism.

Let’s focus on the signal formation in a UFSD sensor, figure 4.10. An impinging
particle generates primary electrons and holes in the depleted region, which drift
towards n*t* and p*T electrodes, respectively. The primary electrons cross the gain
layer, activating the avalanche multiplication mechanism and producing secondary
e/h pairs, called gain electrons and holes. Since gain electrons have been created

close to the cathode, they are collected faster than gain holes, which drift in the
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bulk before being collected by the anode. Hence, the signal in UFSD continues to
increase for the collection time of gain electrons. The drift of gain holes generates
a large induced current constituting the major part of the total current. The signal
formation in UFSD takes a longer time than in no-gain sensor: a traditional diode
has a faster rise time because the signal rising edge starts as soon as the e/h pairs
have been created, while in UFSD the electrons must first reach the multiplication

layer.

:i ’ UFSD Simulation
E 8 Tota\?ignql 50 um thick
£ MIP Signal
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Figure 4.10: Simulated MIP current signal for a UFSD 50 um thick. In red and blue
electron and hole current, in violet and light blue gain electron and gain hole current,
respectively. Figure from [32].

The current generation by the multiplication can be estimated from the number
of electrons entering the gain layer in a time interval dt, with a drift velocity vgg.
The amount of these primary electrons is n._,vsdt and they generate a number of
e-h pairs dNggin X ne_p(Vsqdt)G. Using the Ramo’s theorem and assuming a parallel

plate geometry (E,, = 1/d), it is possible to calculate the current signal induced by

103



these secondary charges:

1 G
d1yain = ngamqva o Edt, (4.8)
which lead to:
dlyin dV G
" a N d (4.9)

Equation 4.9 shows a key feature of UFSD: the increase of the current signal (slew
rate) is proportional to the ratio between gain and sensor thickness (G/d). This
implies that thin sensors with high gain are suitable to perform high precision time
measurements. WF2 simulation, in figure 4.11, shows the slew rate for UFSDs with
different thicknesses and gains: a 300 um thick sensor, with gain 15, has a slew rate
two times higher than a tradition silicons sensor, while this factor becomes six times

higher in a 50 pm sensor.

Simulated slew rate as measured by a 50 Q Brodband
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Figure 4.11: WF2 simulation of signal slew rate as a function of sensor thickness, for
5 different values of gain. Figure from [17].

As it was done for a no-gain sensor at the beginning of this section, it is possible to
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calculate the maximum current signal in UFSD. Since each primary electron generates

G e/h pairs, we can write:

1 1
]max X Nmach_lvsat = (Nefth>qgvsat = nethquat- (410>

Equation 4.10 shows that, in drift velocity saturation mode, the current signal peak
only depends on the gain and not on the sensor thickness; on the other hand the
sensor thickness determines the rise time of the signal. Figure 4.12 schematically

shows the signal shapes for sensors with equal gain and different active thicknesses.

i(t)

>

Figure 4.12: Current signal shapes from UFSDs with the same gain and different
active thicknesses. Figure from [17].

In conclusion, we can summarize that sensors with high internal gain and thin

active thickness are suitable to achieve excellent time resolution.

4.4 Noise

The Noise is defined as spontaneous fluctuations of current or voltage across the semi-
conductor or bulk device. If the device is used to measure small physical quantities
or to amplify a small signal, then the fluctuations in current and voltage set a lower

limit to the quantities to be measured or the signal to be amplified. The noise can be
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classified into thermal, flicker, and shoot noise. The thermal noise occurs in any semi-
conductor and it is due to the random motion of charge carriers. The mean-square

voltage of thermal noise is given by
(V?) = 4kTBR (4.11)

where £ is the Boltzmann constant, 7" is the absolute temperature in Kelvin, B is the
bandwidth in Hz and R is the real part of the impedance between terminals. The
Flicker noise is due to surface effect and it becomes important at a lower frequency,
it is proportional to 1/f* where « is close to unity. The shot noise is the main noise
in the most of semiconductor devices, it is frequency independent (white spectrum)
at medium and low frequencies. The mean-square noise current of shot noise for a
p-n junction is given by

(i7) = 2¢B|I]| (4.12)

where [ is the current, which is positive in the forward and negative in the reverse

direction. For low injection, the total mean-square noise current is given by

4kTB
(i7) = - 2¢B|I| (4.13)

Experimental measurements confirm that the mean-square noise current is propor-
tional to the saturation current I,, which varies with the irradiation level.

An undesired effect related to the gain mechanism, called excess noise factor F,
can limit the accuracy of time measurement of UFSD sensors. The excess noise factor
is an additional noise induced by the multiplication mechanism: each primary electron
entering the gain layer generates a number of secondary charges that on average is

equal to G. However, each electron can generate more or less secondary charges,

introducing a fluctuation in the multiplication mechanism, which induces a noise. In
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sensors with internal gain the signal is multiplied by G, while the noise current by
V'F, where F is a function of G' and it is given by, [35]:

FNG””:Gk+(2—é)(1—k;) (4.14)

where x is called excess noise index and k is the ration (a,/a,) between impact
ionization coefficients of hole and electron. Hence, the gain improves the ratio signal
to noise SNR only if the sensor noise current is not the dominant source of the noise.
In particular, in order to keep the noise low, also factor F' must be kept low; this is
possible with a low internal gain and reducing as much as possible the hole ionization
coefficient. This last requirement is satisfied by n-on-p sensor design, in which it is
possible to tune the electric field in such a way that only the electrons are multiplied,

whereas this is not possible with p-on-n design, [17].

4.5 Read-out electronic

The time performances of UFSDs depend not only on their design but also on read-
out electronic, as mentioned in section 4.2. Read-out preamplifiers can be classified
into two main architectures: current amplifier called Broad-Band Amplifier (BBA)
and Charge Sensitive Amplifier (CSA). The first one amplifies the signal without any
additional shaping, the second one integrates and strongly shapes the signal. Figure
4.13 shows the responses of a broad-band and charge sensitive amplifier to an input
current signal generated by a MIP in an LGAD 300 pm thick: in red the BBA output
signal with a shape very similar to the input one; in blue the CSA output.

A BB amplifier converts with some gain the current signal i(¢) in a voltage signal
V(t) so that V(t) ~ i(t). This kind of amplifier needs a rather wide bandwidth to
follow the time evolution of the current signal, hence, it is advantageous for thin

sensors with a large signal slew rate. The noise of BBA tend to be large, due to the
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Charge Sensitive Amplifier (CSA)
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Figure 4.13: Weightfield2 simulation of the BBA (red) and CSA (blue) response to
an input current signal generated by a MIP, in an LGAD 300 pm thick.
wide bandwidth, however, the jitter term is minimized by large dV/dt term. The
sensor-BBA system can be modelled as a RC' circuit with a current generator in
parallel and, as such, it has a time constant 7 = Cgy R;,, where Cy is the sensor
capacitance and R;, is the read-out input impedance. This implies that, in order to
follow the large slew rate provide by UFSD, the time constant must be shorter or at
most comparable with the rise time of the signal (7 ~ t,;s). It is evident that the
design of this kind of amplifier is strongly connected to the development of the sensor.
CSA integrates the current signal generating an output voltage signal of amplitude
proportional to the charge collected on the feedback capacitance C'y of the preamplifier
stage, and the integration time is given by the time constant R;C of the feedback
circuit. This preamplifier architecture minimizes the jitter thanks to the low noise,
while the slew rate of the signal is slower compared to the BBA. A CSA output
signal is governed by two time constants: (i) the rise time ;5 ~ (Cyer + Cload)/ Gm,
which depends on the sensor capacitance Cy., on the capacitance C),.q of the loading
circuit and on the input transconductance g,,; (ii) the fall time ¢, ~ RsC}, which
depends on the time constant of the feedback circuit. The optimal operation of this
amplification mode requires a signal fall time longer than the rise time, otherwise,

the charge on the feedback capacitance will discharge before reaching the maximum

108



amplitude of the output signal; this effect is called ballistic deficit [36]. The sensor
capacitance has a strong influence on the CSA performances, because, when it is too
large, it increases the noise, decreases the signal rise time and output amplitude.

The choice of preamplifier architecture is strongly determined by the thickness
of the sensor. As mentioned in section 4.2.2, the energy deposed by an impinging
particle is not uniform along the sensor thickness, resulting in Landau fluctuations; if
the unavoidable integration due to the sensor capacitance is enough to mitigate these
fluctuations, then a BBA is the best choice, otherwise, the CSA provides the best
performance. Moreover, Landau fluctuations generate time walk effect, 4.2.2, which
can be corrected with an appropriate electronic circuit.

The "time walk correction” aims at mitigating the fact that larger signals cross a
fixed threshold earlier than smaller signals. There are two common approaches to this
problem, figure 4.14: (i) Constant Fraction Discriminator (CDF) or (ii) Time over
Threshold (ToT). The CFD fixes the time of arrival of the particle when the signal
crosses a given fraction of the maximum amplitude of the signal in this way the time of
arrival depends only on the rising edge of the signal and its maximum. In this method,
the effect of different signal amplitudes is removed by using a fixed signal fraction
and not a fixed voltage as a definition of time of arrival. The ToT uses two time
points to determine the time of arrival of a particle. This method measures the time
duration of the signal above a set threshold value, and it uses it to correct the time
point when the signal exceeds the threshold value with a formula optimized for the
given electronics. In this method, the effect of different signal amplitudes is removed
by applying this correction. Since BBA and CSA shape the current signal differently,
the effectiveness of CF'D and ToT is different for the two amplifier architectures. Both
methods CDF and ToT can be used with CSA architecture since its output signal
has amplitude and duration proportional to the input charge; while with the BBA

the best method is CFD since the output signal width is practically constant.
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Figure 4.14: Basic methods to correct signal amplitude fluctuations. Left: Constant
Fraction Discrimination. Right: Time over Threshold. Figure from [17].

4.6 Time performances

It is now possible to conclude that UFSDs interfaced with an appropriate read-out
electronic have the capacity to achieve very good time resolution. The moderate gain
of the LGAD technology (maximization of SNR), the reduced thickness (mitigation
of Landau fluctuations and fast slew rate of the signal), the appropriate sizing of the
sensor capacitance and its coupling with a suitable read-out electronic, provide the
key ingredients for a good time resolution.

Figure 4.15 shows one of the most important results on the simulation of the time
resolution as a function of the active thickness of LGAD. The WF2 simulation shows
that UFSD 50 um thick, 6 pF of capacitance, achieves a time resolution of 30-40 ps,
for a gain of about 20 (BB amplifier of gain 40 dB, bandwidth 2 GH z, and the CFD
at 15% have been set in the simulation). In addition, an interesting result is also
shown: for active thickness below 150 pm the jitter and Landau noise contribute
equally to the total time resolution, while the jitter term dominates for those above.

Another interesting simulation is the interplay of the gain layer doping with the
external bias in the determination of the time resolution. As discussed in section

4.1 a certain value of gain can be achieved with different combinations of gain layer
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Figure 4.15: Weightfield2 simulation of jitter and landau noise contribution to the
time resolution as a function of LGAD thickness. Figure from [5]

doping (depth of implant) and external bias voltage. Figure 4.16 shows the simulated
time resolution for a UFSD 50 pm thick with gain 25, with different combinations of
external bias and gain layer doping, where the doping values are relative to the one

for which gain 25 is obtained at bias 160 V.

Simulated resolution as a function of bias voltage and relative gain layer doping fora
50-micron thick sensor with a gain of 25
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Figure 4.16: Time resolution simulation for different combinations of gain layer doping
and external bias voltage, of a UFSD 50 pum thick with a constant gain of 25. Figure
from [5]
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At high relative doping values of the gain layer (1.04-1.07), the gain of 25 is reached
at rather low bias voltage and the time resolution is worse: this result is due to a not
saturated drift velocity of the charge carriers (low bias condition) and it demonstrates

the need to work in a saturated regime to obtain a good time resolution.

4.7 Large area sensors, UFSD building block

The UFSDs were chosen to instrument the ETL of the MTD of the CMS experiment.
Each ETL sensors will have 16 x 32 pads, each pad 1.3 x 1.3 mm?2. This design
requires the optimization of the area between pads in order to prevent premature
breakdown and to electrically isolate adjacent pads. Figure 4.17 shows the cross
section of the UFSD building block (not in scale), with the termination structures

required for multi-pad sensor operation: Junction Termination Extention (JTE), p-

stop and Guard-Ring (GR).

pad

n contact 4> —>
H '% ’__ H- L §
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JTE termination

Figure 4.17: Cross Section (not in scale) of the UFSD multi-pad sensor building block,
with edge termination structures: Junction Termination Extention (JTE), p-stop, and
Guard-Ring (GR).

JTE is a deep n™" implant (usually with the same concentration of n electrode),
equipped with metal field plate, implanted around each pad in single and multi-pad
sensors. The reason for this implant is to ensure that e/h pairs, generated by particles
hitting in the inter-pads region, do not reach the gain layer and that they are collected

by this protection ring on the peripheral region of the pad. This is necessary since
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the drift time from the inter-pad region to the gain layer is rather long and it would
generate an ”out of time” signal.

The p-stop is a p* " implant, with a doping concentration between 10'0-10'® /cm?,
it is located between pads; this implant is necessary to keep pads electrically isolated.

The guardring (GR) is a termination structure to prevent premature breakdown
at the periphery of the device. The GR consists of one or more n** rings, equipped
with metal field plates, which surround the active area of the sensor. These rings are
floating, except for the inner one, which is biased in order to collect charge carriers
generated outside the core region of the device. Each GR is separated from adjacent
n™* implants by p-stop implants.

The JTE and p-stop terminations introduce a no-gain region, tenths of um wide,
between adjacent pads: thus decreasing the fill factor of the device. Figure 4.18 shows
2D TCAD simulation of the pad periphery, where it is possible to distinguish the drift

lines, followed by the drifting charges [37].

Figure 4.18: TCAD 2D-simulation of the electric field (intensity color map) and drift
lines in the inter-pad region of a UFSD sensor.

Several different types of UFSDs, based on different segmentation technologies to
increase the fill factor, are under development. Two interesting technologies, trenches
isolation [38] and resistive AC-couple silicon detectors [37, 39], have the potential to

obtain the 100% fill factor.
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4.8 Radiation effects on UFSD

In chapter 1 it was illustrated that UFSD sensors in the ETL detector of CMS will be
subject, in their lifetime, to an irradiation fluence of 1.5 - 10'* n,,/em?. Considering
a safety factor of 2, the radiation hard requirement for the UFSD sensors installed in
CMS is that they survive to a fluence of 3-10'% n,,/cm?. This target will be discussed
in this chapter.

The main effects of radiation damage on traditional silicon sensors have been dis-
cussed in detail in section 3.3; hence, only the specific effects on UFSDs performances

will be discussed below.

4.8.1 Effects of current increase: power consumption and shot noise

In sensors with internal gain, the leakage current generated in the bulk is multiplied
by the gain factor G before being collected at the electrodes. This unavoidable effect

increases power consumption:

Z'gain =G- inofgain (415>

leading to
Pgain =G- Pno—gain- (416)

Power consumption can be reduced using thin sensors since both leakage current and
operating voltage are lower in thin sensors and by cooling the sensor, since the leakage

current depends on the temperature:

(4.17)

A temperature variation of 7 degrees leads to a current variation of a factor of two.

Another effect due to the high leakage current in irradiated sensors is the increase
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in shot noise. Shot noise occurs when the charge carriers cross a potential barrier, as
it happens in silicon sensors. In UFSD sensors this noise is enhanced by the internal
gain and it can become the dominant source of the noise. As mentioned in section 4.4,
the shot noise depends on the leakage current of the sensor, which can be divided into
two components, figure 4.19 (left): surface current, that does not pass through the
gain layer; and bulk leakage current, that is multiplied by the avalanche multiplication
mechanism. When the charge carriers undergo multiplication, there is an additional
mechanism that increases the shot noise, this is the excess noise factor F', discussed
in section 4.4. F causes a peculiar effect in sensors with gain: with increasing gain,
the ratio signal to noise becomes smaller since shot noise grows faster than the signal,
figure 4.19 (right). Hence, in UFSD sensors, the gain is beneficial only if it remains

below the electronic noise floor.
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Figure 4.19: Left: schematic representation of the shot noise mechanism in sensors
with internal gain: bulk leakage current is multiplied by the gain, while the surface
current is not. Right: signal and shot noise growth as a function of the sensor internal
gain. Figure from [18].

The shot noise can be written as:

Zzhot = 2q(Isurface + [bulkG2Gx)- (418)

Shot noise is usually lower than electronic noise in un-irradiated sensors, but it

becomes the dominant source of noise in irradiated ones. Figure 4.20 shows the shot
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noise as a function of the irradiation fluence for a 4 mm? 50 um thick sensor, assuming
an integration time of 2 ns; the plot on the left shows the strong impact of the gain on
the shot noise, while on the right the effect of the temperature. In conclusion, figure
4.20 suggests operating irradiated sensors at low gain and temperature. Additionally,
shot noise can be kept low by operating sensors with small active volume, since the

leakage current is proportional to the depleted volume of the sensors, equation 3.13.
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Figure 4.20: Left: shot noise as a function of the irradiation fluence for two different
values of internal gain. Right: shot noise as a function of the fluence for two different
operating temperatures. Figure from [19].

4.8.2 Variation in doping concentration

Another effect of the radiation is the variation of doping concentration as a function
of the fluence, equation 3.14. This mechanism has been discussed in section 3.3,
and it consists of two opposite and concurrent contributions: initial acceptor removal
and acceptor creation. Initial acceptor removal causes an exponential decrease in the
concentration of acceptors (the rate of initial acceptor removal is faster for lower initial
acceptor density, figure 3.9), while, acceptor creation creates acceptor-like defects
that increase the p-type doping concentration. Both mechanisms can be applied to
both gain layer and bulk of an LGAD. Figure 4.21 shows the evolution of the boron
concentrations as a function of fluence, in gain layer and bulk, with initial boron

densities of 2 - 1019 /em? and 2 - 10 /cm3, respectively. At sufficiently high fluences
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(> 1-10% n.,/cm?) the curve of the gain layer doping converges on the straight line

of the bulk, indicating complete removal of the initial gain layer doping.

Evolution of acceptor concentration

1.00E+13 L

1.00E+17 ¢

© 1.00E+16 £

E =

< [

=

= 1.00E+15 |

2 E

-]

g 1.00E+14 I

c 1. + 3

§ E = - =Gain layer
] ——Bulk
s

Q

Q

4]

<

1.00E+12 |

1.00E+11 B e T T
1.00E+11 1.00E+12 1.00E+13 1.00E+14 1.00E+15 1.00E+16 1.00E+17
Fluence [n_eq/cm~2]

Figure 4.21: Evolution of acceptor concentrations as a function of the irradiation
fluence, for a gain layer and bulk typical of an LGAD.

Considering the gain layer and bulk doping concentration plot in figure 4.21, it is
possible to calculate the full depletion voltage of UFSD at different irradiation fluence
values. This value is the sum of two terms: depletion voltage of the gain layer and

depletion voltage of the bulk, and it is shown in figure 4.22 for a 45 pum thick sensor.

Voltage needed to deplete the gain layer and the bulk (45 micron thick) as a
function of irradiation. The initial gain is ~ 20.
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Figure 4.22: Evolution of the depletion voltage of the gain layer and bulk, with the
fluence, for a typical 45 pm thick UFSD. Figure from [5].
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The microscopic origin of initial acceptor removal [40] has not been fully un-
derstood and it is still under investigation. An important consideration is that the
removal of boron atoms has been excluded from kinetics considerations and Secondary
Ion Mass Spectrometer (SIMS) measurements: SIMS has been made on two twins
UFSDs, the first (M83) un-irradiated, the second (M80) heavily irradiated with a
fluence of 1 - 10 n,,/cm?, where the gain layer has completely disappeared. The
purpose of the SIMS is to measure the boron density (substitutional and interstitial)
as a function of the depth; the SIMS results show identical boron profiles for the two
samples, indicating that the disappearance of the gain does not correspond to the

removal of the boron atoms, only to their inactivation, figure 4.23.

Samples
—a— M80 Irradiated
—*= M83 Not irrad.

Concentration [a.u.]

Depth [a.u.]

Figure 4.23: SIMS measurements of the density of boron atoms forming the gain
layer as a function of the depth, in a not-irradiated (M83), and heavily irradiated
(M80, irradiated to 1-10'® n.,/ecm?) UFSDs. Although the gain layer of the sample
MBSO is almost completely deactivated, its doping profile is identical to that of the
not-irradiated sensor. Figure from [41]

A possible explanation of the initial acceptor removal mechanism is based on the

ion-acceptor complexes formation with irradiation, the topic discussed in section 3.3:

118



irradiation creates interstitial silicon, which subsequently deactivates the boron via
kick-out reactions, figure 4.24 (top). This interpretation of initial acceptor removal
mechanism motived two research lines within RD50 collaboration [42], with the goal
of mitigating the deactivation of the gain layer: the first one aims at reducing the
concentration of interstitial defects available for capturing boron atoms by using im-
planted carbon atoms, which replace boron in ion-defect complexes formation, figure
4.24 (middle); the second one consists in replacing the boron atoms with gallium,

which is predicted to have a slower acceptor removal rate, figure 4.24 (bottom).

Figure 4.24: Sketch of initial acceptor removal mechanism for gain layers with active
dopants: boron (top), boron enriched with carbon (middle), and gallium (bottom).

4.8.3 Gain recovery in irradiated UFSD

Radiation damage has a dramatic effect on the gain of UFSDs, severely reducing it
for fluence of the order of 1-10' n,,/cm? However, gain loss can be recovered by

increasing the electric field inside the device (equation 4.1), by increasing the external
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bias voltage as shown in the WF2 simulation in figure 4.25. Before the irradiation,
the gain layer provides a sufficient electric field to start the multiplication mecha-
nism. With irradiation, while the doping concentration of the gain layer decreases
the bulk doping increases (acceptor creation, section 3.3) making it possible to start
the multiplication mechanism also in the bulk. This effect is called bulk gain. How-
ever, it is important to stress that the doping of the bulk, at a fluence of the order
~ 10 n.,/em?, does not reach the high doping concentration values of the gain
layer; therefore, since the electric field is given by the sum of the field resulting from
the external bias and the doping concentration, the bias voltage should be raised to
higher values than in not-irradiated condition. As an example, in sensors irradiated
with a fluence of ~ 2-3 - 10'® n,,/cm?, bulk gain happens at an electric field value of

~ 200 kV/em, which is reachable with a bias of 600 V' on 50 um of active thickness.

Collected charge as a function of bias voltage in a 50-micron thick sensor for different

fluences
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Figure 4.25: WF2 simulation of Gain recovery by increasing the bias voltage for
different irradiation fluences, in a 50 pm thick UFSD. Figure from [5].

Another parameter that affects the gain recovery, in addition to the bulk gain,
is the depth of the multiplication layer. As discussed in section 4.1, the same gain
in LGADs with shallow and deep gain layers requires different working points of

the electric field and therefore different mean free paths A to achieve multiplication,
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equationd.2. Figure 4.26 (left) shows the field working points for shallow and deep
gain layer: ~ 400 kV/em for shallow GL and ~ 300 kV/em for deeper GL. In the
multiplication models discussed in section 4.1.1, A saturates at high electric field
values, thus limiting the gain recovery capability provided by the electric field.

The deep gain layer (low field working point) has a higher gain recovery capability
than a shallow one (high field working point), due to the faster variation of A\ as a

function of the electric field, figure 4.26 (right).
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Figure 4.26: Left: electric field working point for a deep and shallow gain layer. Right:
saturation effect of the mean free path at the increase of electric field shown through
its derivative.

In conclusion, a good balance between the radiation resistance of the gain layer
(acceptor removal rate) and its depth of implant (gain recovery capability) are the

two main parameters that determine the radiation hardness of the UFSD design.

4.8.4 FEffect of trapping on output signal shape

In irradiated sensors, the charge carriers undergo trapping, which causes a decrease of
CCE and affects the output signal shape. The trapping increases with the irradiation
fluence and with the drift length of the charge carriers. For irradiation fluence of the
order of 10*® n,,/cm? the trapping length is ~ 50 pm. For this reason, trapping is less
problematic in thin sensors than in thicker ones. Figure 4.27 shows a WF2 simulation
of how the signal shape changes as a function of fluence, for a 50 pum-thick UFSD

[43]; the effect of trapping is rather small up to a fluence of 10" n.,/cm?, while it
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becomes more important above this level.

It is interesting to note that in the simulated signal, figure 4.27, the rising edge
used for timing is not affected much by trapping. The rise time becomes shorter due
to the bulk gain which immediately generates charge carriers in the bulk without the

electrons having to reach the gain layer.
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Figure 4.27: Effect of trapping on signal shape as a function of the irradiation level,
for a 50 wm UFSD (in this plot the only effect of trapping is considered). Signals are
the result of a WF2 simulation with the BB amplification stage. Figure from [6].

In conclusion, the possibility of accurate time measurements persists even after

high levels of irradiation.
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Chapter 5
UFSD productions

The UFSD sensors are produced by three main vendors: Centro Nacional de Micro-
electronica (CNM) in Barcelona [44], Hamamatsu Photonics (HPK) [45] and Fon-
dazione Bruno Kessler (FBK) in Trento [46]. The first production and measurements
of LGADs were presented by CNM in 2014 [47]; CNM itself produced the first pro-
duction of UFSDs (active thickness of 50 ym) in 2016. The second vendor was HPK,
whose first results on UFSDs have been shown at the TREDI 2017 conference [48].
A the end of 2018, HPK produced prototypes of UFSD sensors for CMS and ATLAS
MTD R&D activity. Finally, FBK manufactured its first production of LGADs in
2016 [49], followed by two different UFSD productions, UFSD2 in 2017 and UFSD3
in 2018. The main targets of these two UFSD productions were the radiation hard-
ness improvement (UFSD2) and the large area sensors design for CMS and ATLAS
Endcap Timing Layer (UFSD3). Experimental measurements and results discussed
in this thesis involve sensors produced by FBK and HPK, whose main features are

presented below.

5.1 FBK productions

5.1.1 UFSD1

FBK, in 2016, completed its first production of LGAD sensors, named UFSD1. These
sensors are manufactured on Si-on-Si high resistivity (p > 5000 Qem) p-type FZ 6-
inch wafers, with an active thickness of ~ 275 um. The goal of this production was to
investigate the device performances at different doses of gain implant; for this reason

12 wafers with 5 different gain doses of boron spaced by 2% between them, have been
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Gain split | Gain dose normalised
1 1.00
2 1.02
3 1.04
4 1.06
5 1.08

Table 5.1: UFSD1, boron gain dose splits.
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Figure 5.1: UFSD1 wafer layout.

produced, table 5.1.

UFSD1 include a large variety of structures, figure 5.1: strip sensors with dif-
ferent pitches, pixel sensors and single pad with areas ranging from 0.25 mm? to
25 mm?. Furthermore, all the segmented devices have been manufactured in different
versions of the LGAD technology [49]: front junction segmentation and back side

ohmic contact.

5.1.2 UFSD2

The first production of thin LGADs by FBK has been completed in 2017 and it is
called UFSD2. This production consists of 18 high-resistivity (p > 3000 2¢m) Si-on-

Si 6-inch p-type FZ wafers, with a nominal active thickness of ~ 60 pum, thermally

124



Wafer # | Dopant | Gain dose | Carbon dose | Diffusion
1 Boron 0.98 Low
2 Boron 1.00 Low
3 Boron 1.00 High
4 Boron 1.00 Low High
5 Boron 1.00 High High
6 Boron 1.02 Low High
7 Boron 1.02 High High
8 Boron 1.02 High
9 Boron 1.02 High
10 Boron 1.04 High
11 Gallium 1.00 Low
12 Gallium 1.00 Low
13 Gallium 1.04 Low
14 Gallium 1.04 Low
15 Gallium 1.04 Low Low
16 Gallium 1.04 High Low
18 Gallium 1.08 Low
19 Gallium 1.08 Low

Table 5.2: UFSD2 production by FBK.

bonded on support wafer (500 pm thick); the thermal bonding reduced the wafer ac-
tive thickness from the nominal value to ~ 55 pum. The main goals of this production
were to establish a reliable design of thin UFSDs and to test solutions to improve
the radiation resistance of the gain layer; for these reasons, different flavours of gain
layers have been implemented. The acceptor dopants used for gain layer implants
are boron and gallium and for the first time, the gain layer of some wafers has been
enriched with carbon. The carbon enrichment has been done strictly in the volume
of the gain layer to avoid a sharp increase in the leakage current. In this production,
there are five different configurations of gain layers: Boron High Diffusion (B HD),
Boron Low Diffusion (B LD), Gallium (Ga), Carbonated Boron High Diffusion (B
HD + C) and Carbonated Gallium (Ga + C), high-diffusion and low-diffusion refer
to the thermal load of gain layer activation. Ten wafers of the 18 processed have a
gain layer boron-doped, the 8 remaining are gallium doped. Boron-doped has 4 splits

of gain dose, while gallium-doped only 3 ones. Boron splits have dose separation steps
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Figure 5.2: Left: picture of a UFSD2 wafer. Right: UFSD2 wafer layout and its
variety of devices.
of 2%, whereas gallium splits have 4% steps; the gain dose value 1.00 is considered
as reference. Two splits of gain layer B-doped and one Ga-doped are enriched with
carbon. There are two carbon doses implanted into the gain layer: Low and High,
which differ in an order of magnitude in carbon density. All the wafers with gain
layer Ga-doped have been processed at a lower thermal load than B HD wafers due
to the greater diffusivity of gallium compared to boron. Nevertheless, the width of
the Ga implant is larger than the B HD implant. All information on dopants, gain
layer doses, carbon doses, and diffusion are summarised in table 5.2.

Since UFSD technology has been proposed in several experiments, which have
different targets, this production is characterized by devices with a large variety of
geometries and dimensions, as shown in figure 5.2. The wafer layout of UFSD2

production includes:

e Single pad devices, with pad active area of 1 mm?, 4 mm?, and 9 mm?, with
and without a gain implant. These sensors are designed as UFSD technology
demonstrators;

e Pad arrays 2x2, 2x4 and 2x8, as precursors of segmented and large area sensors
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for HEP applications;
e Strips, suitable for counting in medical physics applications [50];

e Fat strips, developed for time measurements in TOTEM and CT-PPS experi-

ments [51, 52[;

e Pixels matrix of 45x40 pads, each 300 x 300 um?, as first demonstrator of UFSD

pixel sensors usable with the bump bonding layout of the NA62 readout chip.

5.1.3 UFSD3

The following production by FBK, called UFSD3, has been designed to investigate
specific features required in sensors for ETL of CMS at HL-LHC, such as radiation
hardness, a narrow inactive area between sensor pads and uniformity of high seg-
mented large area sensors. This production consists of twenty 6-inch wafers (active
thickness ~ 55 um), 16 of which with high-resistivity FZ substrate (UFSD2-like),
while the remaining 4 with Epitaxial (Epi) substrate. There are four gain layer con-
figurations implemented in UFSD3: Boron High and Low Diffusion with and without
co-implantation of carbon (B HD/LD, B HD/LD + C). In this production, the gal-
lium dopant has been excluded, since experimental measurements on UFSD2 have not
shown any improvement in radiation hardness compared to boron (see section 7.3).
The carbon enrichment has been maintained since the UFSD2 production demon-
strated the mitigation of radiation damage in carbonated sensors. The wafers of this
new production have five splits of gain dose in steps of 2% (1.00 is the dose reference,
the same of UFSD2) and they have four splits of carbon dose labeled with A, B, C
and D. Carbon dose A corresponds to the lowest dose in UFSD2, while the next three
doses are two, three and five times dose A, respectively. The wafers of UFSD3 are

listed in table 5.3.
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Wafer # | Substrate | Gain dose | Carbon dose | Diffusion
1 FZ 0.98 Low
2 Epi 0.96 Low
3 F7Z 0.96 A Low
4 Epi 0.96 A Low
5 FZ 0.98 A Low
6 F7Z 0.96 B Low
7 F7Z 0.98 B Low
8 F7Z 0.98 B Low
9 F7Z 0.98 C Low
10 FZ 1.00 C Low
11 FZ 1.00 D Low
12 FZ 1.02 High
13 Epi 1.00 High
14 FZ 1.02 A High
15 Epi 1.00 A High
16 FZ 1.02 B High
17 FZ 1.02 B High
18 FZ 1.04 B High
19 FZ 1.02 C High
20 F7Z 1.04 C High

Table 5.3: UFSD3 production by FBK; UFSD3 W1, W12 and W14 correspond to
UFDS2 W1, W8 and W6 respectively (reference wafers).

Besides splits of process, the main difference between UFSD2 and UFSD3 pro-
ductions is the lithographic technique used. In UFSD2, the lithographic process has
been carried out with the mask aligner, while, in this last production, the stepper
technology has been used. The stepper technology uses an area 25 x 19 mm? called
reticle, which is repeated several times on the surface of the wafer. The stepper
technology is substantially different from mask aligner used in UFSD1 and UFSD2,
where a single pattern covers the entire surface of the wafer. The two stepper reticles
used in UFSD3 are shown in figure 5.3 (right). The strength of the stepper is the
greater spatial precision, which allows to create shaper implant borders and to reduce
the distance between implants. Moreover, the stepper allows the photocomposition
of devices to be performed, that is, to compose a device combining images from dif-

ferent exposures. This technique is necessary to produce sensors with an area larger
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Figure 5.3: Left: picture of a UFSD3 wafer. Right: layout of the two reticles, with
all the UFSD3 structures, repeated on the wafer surface.

than that of the reticle, for example the future final full-size CMS sensors for ETL.
The photocomposition has been introduced in UFSD3 producing photocomposed test

structures.
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Figure 5.4: The three strategies of gain layer implant termination in UFSD3, from
top to bottom: Aggressive, Intermediate, and Safe design.

Finally, in UFSD3 different new strategies for the gain layer termination implants
(JTE and p-stop) have been pursued, to minimize the no-gain region between pads

in multi-pads sensors. Four different termination layouts with different distances
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between adjacent gain layers have been implemented: Aggressive, Intermediate, Safe
and Super Safe, with a nominal distance between gain layers of ~ 10 um, ~ 20 um,
~ 30 pum, and ~ 40 pum, respectively; three of the four termination layouts are drawn
in figure 5.4. An inter-pads region with a width lower than 50 pum is what makes

these devices innovative compared to UFSD2 silicon sensors.

5.2 HPK productions

5.2.1 ECX20840

HPK, in 2017, completed its first production of UFSD sensors, called ECX20840. This
production consists of 16 high-resistivity p-type wafers, of physical thickness 150 pum
and two active thickness, 50 and 80 um. Being the first HPK production based on
LGAD technology, four different doping conditions have been implemented; the four
gain doses are indicated in table 5.4 with numbers from 1 to 4, where 1 corresponds
to the lowest and 4 to the highest one.

Very simple device geometries have been implemented in this production: single

pad and pad-array 2 x 2, with pad size of 1 x 1 mm?.

Wafer # | Active thickness [pm] | Dopant | Doping condition
1/2 50 Boron 1
4/5 50 Boron 2
7/8 50 Boron 3
10/11 50 Boron 4
13/14 80 Boron 1
16/17 80 Boron 1
19/20 80 Boron 3
22/23 80 Boron 4

Table 5.4: ECX20840 production by HPK (2017).

5.2.2 EXX28995

EXX298995 was the second UFSDs production by HPK, completed in 2018; which was
focused on R&D of sensors for ETL of CMS and High Granularity Timing Detector
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(HGTD) of ATLAS. This production aimed at demonstrating the feasibility of highly
segmented large area UFSD sensors. It consists of twenty 6-inch high-resistivity
wafers, with an active thickness of ~ 45 um.

In this production gain layers with single gain dose are implanted at two different
depths: shallow GL, called Type 3.1 (wafer 1-10), and deep GL, called Type 3.2
(wafer 11-20).

This production is divided equally between ATLAS and CMS, figure 5.5 shows
the wafer layout and its division in two main blocks. On the left block the ATLAS
devices: single pads (with and without gain), 2 x 2, 3 x 3, 5 x 5 and 15 x 15 arrays
(pad dimension of 1.3 x 1.3 mm?); on the right one the CMS devices: single pads

(with and without gain), 2 x 2, 3 x 3, 4 x 4 and 4 x 24 arrays (pad dimension of

1 x 3 mm?).

1: Single type (6 type) .
~total : 132pcs/wafer

1: Single (6type)
“total: 117pcs/wafer

2: 2x2 array (8type)
~total: 56pcs/wafer

2: 2x2 array (11 type)
-total : 70pcs/wafer

3: 3x3 array (1 type)
total : 4pcs/wafer

3: 3x3 array (Itype

& *total: 5pes/wafer

4: 5x5 array (2 type)
-total : 18pcs/wafer

4: 4x4 array (1type)
-total: Spcs/wafer

P il
5: 15x15 array (1 type) ~ O /
~total : 8pcs/wafer =Ii“ ; =

5: 4x24 array (1type)
-total: 8pcs/wafer

Figure 5.5: HPK EXX28995 wafer layout. On the left side of the wafer, there are

devices for HGTD of ATLAS (red), on the right side the devices for ETL of CMS
(blue).

Moreover, to maximize the fill factor of devices, four different inter-pad gaps have

been implemented: 95, 70, 50, and 30 are the factors that indicate the four inter-pad
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layouts.

5.2.3 EXX30327-EXX30328-EDX30329

In 2019, HPK produced three small batches of UFSDs (15 wafers), with an active
thickness of ~ 35 um and with the same wafer layout of the production EXX28995. In
these batches, three different combinations of gain layer-bulk resistivity, called Type
1.1, 1.2, and 2 (table 5.5), have been implemented. Type 1.1 has a deep gain layer
implant and a low-resistivity bulk (p < 100 Qem); Type 1.2 has the same deep gain
layer implant of the previous one, but a high-resistivity bulk (p > 3000 Qcm); while

Type 2 has a shallow gain layer and a low-resistivity bulk (p < 100 Qcm).

Production | Type | Gain layer implant | Bulk resistivity
EXX30327 | 1.1 Deep Low
EXX30328 | 1.2 Deep High
EDX30329 2 Shallow Low

Table 5.5: UFSDs productions by HPK, in 2019.
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Chapter 6

Experimental techniques

Most of the characterization of UFSD sensors have been performed in the Laboratory
of Innovative Silicon Sensors in the Physics Department of the University and INFN
of Turin. In this section, we will describe the two main laboratory setups used for
the characterization of the devices: (i) a probe station, interfaced with a power de-
vice analyzer for static DC electrical test, and (ii) the Transient Current Technique
(TCT) setup, to study the dynamic properties of the UFSD signals. Methodology
and examples of typical measurements obtained with these setups are discussed in

the following.

6.1 Experimental setup for static characterization of UFSD sensors

A probe station, connected with a curve tracer analyzer, is the setup used for DC elec-
trical characterization of UFSD sensors. Current-voltage (IV), capacitance-frequency
(Cf) and capacitance-voltage (CV) are the three basic DC measurements performable
with this setup. The laboratory in Turin is equipped with two probe stations, each
with a Keysight power device analyzer B1505 [53]. In figure 6.1 (left) is shown one of
the two setups with the probe station on the left and the analyzer on the right. The
probe station setup is equipped with support called chuck, where the device under
test (DUT) is placed; the DUT is kept still on the chuck by a vacuum system. An
optical microscope equipped with different magnifications and a video camera posi-
tioned in a dedicated opening is used to visualize the DUT. The DUT biasing occurs
via the chuck and coaxial needles placed on specific contact points on the front side of
the device, positioned using manipulators equipped with micrometric screws, figure

6.1 (right). Chuck and needles are connected with triaxial cables to the modules of
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Manipulators

Figure 6.1: Left: probe station and Keysight B1505A power device analyzer used to
perform DC electrical characterization measurements. Right: manipulators equipped
with micrometric screws and contact needles.

the curve tracker; generally, the chuck is supplied with a negative bias, while the
needles are grounded. The Power device analyzers in Turin are Keysight B1505A

mainframes, equipped with three different types of modules:

e High Voltage Source Monitor Unit B1513C (HVSMU), with a range up to
3000 V and 8 mA;

e Medium Power Source/Measure Unit B1511B (MPSMU), with a range up to

100 V/0.1 A and a minimum measurement resolution of 10 fA/0.5 uV;

e Multi-Frequency Capacitance Measurement Unit Module B1520A (MFCMU),
with a frequency range from 1 kHz to 5 M Hz and an AC signal level of am-

plitude up to 250 mV;

6.1.1 Current-Voltage

We consider, for simplicity, as DUT a single pad device to explain the setup for IV
measurements: the chuck and a needle positioned on the guard-ring are connected

to the HV-SMU, while a second needle, positioned on the pad, is connected to the
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MP-SMU. The MP-SMU has higher resolution and it is therefore used to measure
the current flowing in the pad. A sketch of the IV setup is shown in figure 6.2. In
multi-pad devices, all the pads are contacted with needles: the pads under test are
wired to MPSMUs, while the remaining pads are short-circuited to the guard-ring.

This configuration allows measuring with high precision several pads during a single

IV scan.

Figure 6.2: Sketch of electrical connections for current-voltage measurement on a
single pad device.

The characteristics IV curves of UFSD and PiN can be compared in figure 6.3,
LGAD in black, PiN in red. The PiN curve has a behaviour predicted by the Shockley
equation 2.103, for a pn junction in reverse polarization: the leakage current reaches
a saturation value and it remains roughly constant up to the breakdown voltage. The
LGAD IV curve, instead, has an exponential trend above a certain bias voltage value,
due to the presence of the gain layer: the gain increases exponentially as a function
of the electric field (equation 4.1). At low voltage, the IV curve of an LGAD differs
from one of the PiN due to the presence of a knee after tens of Volts which indicates
the depletion voltage of the gain layer.

The IV curves are a good tool to distinguish UFSDs with different gains since

sensors with higher gain have steeper exponential growth of the leakage current.
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IV curves of FBK-UFSD2 LGAD and PiN 1mm~2 pads
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Figure 6.3: Current-Voltage characteristic curve of LGAD (black) and PiN (red).

They also identify not working devices (with premature breakdown) and can be used

to characterize the yield of production.

6.1.2 Capacitance-Frequency /Voltage

The Capacitance-Voltage/Frequency measurements (CV/Cf) are performed using the
HV-SMU and MF-CMU modules: the two modules are interfaced with each other via
a bias-T, which receives as input the DC bias voltage from the high voltage module
and the AC signal from the capacitance bridge. The bias-T output is the sum of the
two inputs, split in high (£V') and low (0V') voltage level. For a single pad device
testing, the chuck and the needle contacting the pad are wired to the high and low
voltage level, respectively, while the GR is grounded, as shown in figure 6.4. For a

multi-pad device, all the pads not under test must be grounded.
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Figure 6.4: Sketch of electrical connections for capacitance-frequency /voltage mea-

surements on a single pad device.

Figure 6.5: Capacitance-resistance parallel (left) and series (right) equivalent circuit.

A silicon detector with parallel plate geometry can be modelled with a parallel or
series capacitance-resistance equivalent circuit, C,-R,, and Cs-R,, respectively, figure
6.5. In the case of a parallel equivalent circuit, the capacitance can be obtained from

the imaginary part of the admittance Y

L
Y = R, + jwCp, (6.1)

dividing the imaginary part of equation 6.1 by w = 2x f, where f is the frequency of

137



the AC-signal. On the other hand, for a series equivalent circuit, the capacitance is

obtained from the imaginary part of the impedance Z (Z =1/Y)

Z=R,—j

< (6.2)

The Cp-R, is a good model for un-irradiated sensors: the leakage current of these
devices is very low, implying that the conductivity is low. In this case, the measured
admittance Y is given almost exclusively by the capacitance (see equation 6.1). In
irradiated sensors, the high leakage current implies a low parallel resistance, while the
high resistivity of the not depleted bulk demands a series resistance; for this reason,
the capacitance measurement is difficult to understand and neither the parallel and
series model represents good modelling of the detector.

Figure 6.6 shows the CV curves of a PiN and LGAD. The LGAD curve in black
shows a capacitance drop (knee) at few dozen volts, this knee corresponds to the
depletion voltage Vg, of the gain layer, which is proportional to the active doping
concentration Np and to the square of the width W of the gain layer implant. From
equation 2.72 it can be written:

Var o« 5= (6.3)

The full depletion voltage Vgp of the device occurs when the capacitance becomes
constant. The difference between Vrp and Vi is the depletion voltage of the bulk,
called Vjy, which corresponds to the full depletion voltage of the PiN (red curve in
figure 6.6).

The CV measurements are performed using a fixed frequency of the probing AC-
signal provided by the MF-CMU: the selection of the optimal frequency of measure-
ment is done by performing a capacitance-frequency (Cf) scan, using the CV setup.

The sensor can be approximated to an RC network and it has a frequency-dependent
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CV Curves of FBK-UFSD2 LGAD and PiN 1mm”2 pads
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Figure 6.6: Capacitance-Voltage characteristic curve of LGAD (black) and PiN (red).
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Figure 6.7: Capacitance-frequency characteristic of an LGAD at a fixed reverse bias
voltage of —2 V.
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behaviour similar to that of a low pass filter. The Cf measurement in figure 6.7
shows a capacitance more or less constant up to the frequency of ~ 10kH z, while
it decreases above this value. The drop indicates the use of a too high frequency
leading to a reduction of the area probed by the measurement. The optimal measure-
ment frequency belongs to the low frequency range, where the capacitance values are
constant.

The optimal measurement frequency to perform CV measurement depends on
several parameters: the sensor active area, the resistivity of the gain layer and bulk,
the irradiation level, and the temperature of measurement; for these reasons, it is
essential to perform the Cf characterization before any CV measurement. In the
specific case of irradiated sensors it is advisable to perform CV measurements at
frequency and temperature values lower than those suitable for a not irradiated one
[54]. We now consider UFSD sensors irradiated up to a fluence of 3 - 10'* n,/cm?.
Figure 6.8 shows Cf curves of irradiated and not irradiated UFSDs, measured at room
temperature, and at a bias voltage of —10 V' corresponding to a condition of partial
depletion of the gain layer. For irradiated UFSDs, compared to not irradiated one,
the frequency range suitable to perform CV measurements of the gain layer, at room
temperature, is reduced below 2 kH z.

The frequencies suitable to explore, at room temperature, the gain layer of irra-
diated sensors are not suitable to explore their bulk. Figure 6.9 shows the C72(V)
curves of irradiated PiN diodes, performed at room temperature: increasing the ir-
radiation fluence, the curves deviate much more from the linear trend expected from
the depletion of the sensor (see equation 2.76). This deviation from a linear trend
is not due to a non-uniformity of defects concentration, created by irradiation along
the active thickness of the devices, but it is an artefact of the measurement due to

an inappropriate measurement frequency and temperature.
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FBK UFSD3 - Cf curves @-10V - irradiated LGAD (pad 3mm~2) with
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Figure 6.8: Comparison between capacitance-frequency characteristics of LGADs ir-
radiated with neutrons up to a fluence of 1.5-10'® n.,/cm?; measurement bias voltage
fixed at —10 V|, measurement at room temperature.
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Figure 6.9: C2(V) characteristic curves of PiN diodes irradiated with neutron to

fluences of 0.4, 0.8, 1.5 and 3-10'® n,, /em? performed at room temperature. Frequency
measurement of 1 kHz.
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In conclusion, a good CV measurement on an irradiated UFSD is performable
using 1 kHz AC-signal at room temperature to explore the gain layer, and a lower
frequency and temperature to explore the bulk.

The CV measurement is a very powerful tool to characterize LGADs. From this
measurement is possible to: (i) extract the profile of the gain layer implant (equation
2.78), from which it is possible to obtain pieces of information on amplitude, width
and depth of the implanted profile; (ii) evaluate the uniformity of the gain implant
(equation6.3) within a production, and (iii) extract the sensor active thickness and
bulk resistivity (equation 2.78). The characterization of LGADs, based on CV mea-
surements, will be shown and discussed in detail in chapter 7, where all the CV curves
on irradiated sensors have been performed at frequency values between 1 and 2 kH z,
and at room temperature since the laboratory in Turin is not equipped with a cold

probe station.

6.1.3 Multi-pad sensor test

The IV and CV measurement setups describe in the previous sections are used to test
devices with a single pad or with a small number of pads/strips. The test of multi-
pad devices, with tens or hundreds of electrodes, need the use of a multi-needle probe
card, connected via a switching matrix to the power device analyzer. The probe card
is a Printed Circuit Board (PCB) instrumented with needles to contact electrodes of
the devices under test; the probe card replaces the manipulators in figure 6.1. The
switching matrix allows selecting which pads on the sensors are measured and which
pads are connected to the ground.

The probe cards in the laboratory in Turin are provided by Technoprobe [55],
while the switching matrix is a Keithley 7002 Switch System equipped with four
7058 low current scanner cards, with ten channels each. A DAQ software to perform

automatic measurements has been developed in LabView. In figure 6.10, it is shown
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on the left a photo of a probe card, and on the right a schematic representation of

the electrical connections of the measurement setup.

SENSOR [ v

Figure 6.10: Left: probe card. Right: a sketch of the setup for multi-pad sensors
testing.

6.2 Transient Current Technique (TCT) setup

The TCT setup has been developed by Particulars [56] in Ljubjana, and it is exten-
sively used for the characterization of silicon devices, including LGADs and UFSDs.
In this section, the operation principle of the TCT will be described in detail, together
with some measurements on LGADs possible with this setup.

A sketch of the TCT setup is shown in figure 6.11. The transient current technique
is based on Ramo’s theorem (section 3.2): a focused laser penetrates the sensor
generating electron-hole pairs, which induce a current signal as a function of the time
on the read-out electrode; the signal is amplified by an amplifier and stored in an
oscilloscope/digitizer, for offline analysis.

The TCT setup in Turin was prepared to characterize UFSD sensor: the laser
system, the amplification and read-out chain have been optimized to generate and

manage fast signals, with a duration in time of the order of 1-2ns. The duration of the
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laser shot is 50 ps. The amplifiers usually used are Cividec [57] BB amplifiers, with
a gain of 20 or 40 dB; they have input/output impedance of 50 €2 and a bandwidth
of 2 GHz; the oscilloscope for the signals storage is a LeCroy with a bandwidth of

4 GHz and a maximum sampling capability of 40 G's/s.

trigger
O iae. -
g Bias-T  amplifier
| |
E] |
O OO
| Oscilloscope or
== HV digitization board

- sample

Figure 6.11: Schematic view of a typical front-TCT setup. Figure from [56].

To perform the measurements, the sensors are usually glued with conductive glue
or tape on a PCB (figure 6.12) designed at the Electronics Laboratory of the National
Institute of Nuclear Physics in Turin; the DUT biasing usually occurs by providing
a negative bias voltage to the back of the device, while the front is wire-bonded to
the output connectors on the board. All the TCT measurements in this Ph.D. thesis

have been performed with the read-out chain just discussed.

Triaxial high
voltage
connector

Figure 6.12: PCB designed in Turin, for the UFSD testing.
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An important feature of the TCT setup is the possibility of mounting the DUT
on a Newport M-ILS100PP x-y stage, which can move with a micrometric precision
over the range of ten centimeters. The stage is equipped with a cooling system
composed of a Peltier element and a cooled block, which is connected to a chiller
Lauda-ECO-RE-1050. This cooling system allows performing measurement over a
range of temperatures between —20 to 80 °C'. In addition, the TCT setup is also
equipped with a dry-air inlet in order to lower the dew point while performing low
temperature measurements. The possibility to perform measurements at low and
constant temperature is necessary to test irradiated sensors.

The focusing optical system is placed above the x-y stage on a z-translator with
micrometric precision in movement. This system achieves a minimum laser beam spot
size of ~ 10 um. The setup in Turin, shown in 6.13, is equipped with a pulsed laser
(pulse duration of dozens ps) of two wavelengths (1060 and 400 nm) with selectable
intensity. A more detailed discussion on laser pulse characteristics and focusing tech-
nique is given in chapter 3 of [58]. The infrared laser (1060 nm) has an absorption
length in silicon of ~ 1 mm, therefore it crosses with little attenuation the thin
(~ 50 pum) active thickness of UFSDs, generating via photoelectric effect e-h pairs
along its path simulating the passage of a MIP. Instead, the blue laser (400 nm) has
an absorption length of few microns, simulating energy deposition of an a-particle. It
should be noted that the laser creation of e/h pairs has some differences compared to
particles: (i) the photons interactions do not follow the landau distribution; (ii) the
laser beam has a finite spot size, therefore the charges generated by a laser pulse are
spread in a larger volume compared to the same ones generated by a particle. For
this reason, the charges created by the passage of a particle are subject to a stronger
screening effect.

The laser intensity can fluctuate during a measurement, the fluctuations are moni-

tored by splitting the laser 10%-90%: the 10% branch is direct to an InGaAs reference
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diode whose signal amplitude is monitored during the measurement, while the 90%

branch goes directly to the device.

TCT setup

Figure 6.13: TCT setup in the laboratory of the Innovative Silicon Sensor, in Turin.

Another feature of the TCT system is the data acquisition software: the DAQ
developed in LabView code by Particulars is interfaced to the oscilloscope and the
x-y-z translators. It performs measurements both in manual and automatic mode
(1D and 2D maps of the device) and it storages a large number of signal waveforms;
the stored files can be analyzed offline with ROOT macros developed by Particulars.
Figure 6.14 on the left, shows the user interface of the DAQ software, and on the right
a signal waveform induced by the TCT system in a UFSD3 sensor, using 1060nm

focused laser.
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Figure 6.14: Left: the user interface of the TCT data acquisition software. Right:
typical UFSD signal acquired with the TCT system.
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The most relevant TCT measurements for UFSDs characterization are charge
collection, internal gain, the extent of the inactive area between adjacent pads, and
time resolution. The methodologies used to perform these measurements are discussed

below.

e Collected charge: The charge () induced by a laser shot and collected by the

electrodes of the device can be obtained using this equation:

Asignal
C=G R (6.4)
where Agigna is the area of the induced signal, G 4 is the gain of the amplifier
and R;, is the input impedance of the instrument used for signal acquisition
(oscilloscope, digitizer, etc.). In the presence of fluctuations of the laser inten-
sity, it is necessary to apply a correction factor to the collected charge @Q): the

correction factor can be obtained from the fit of the calibration curve in figure

6.15.

TCT IR laser calibration

y = 0.0386x - 0.5579

Charge (PiN 50um thick) [fC]
o = N w £ wu ()] ~J (s ]

0 50 100 150 200 250
Signal amplitude reference diodo (InGaAs diode) [mV)]

Figure 6.15: TCT IR laser calibration, induced charge in a 50 pum thick PiN diode
as a function of the amplitude of the signal generated in a reference diode InGaAs,
related to the Particulars laser intensity with 1 kH z frequency.
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This calibration curve shows how the collected charge in a 50 pum thick PiN
diode changes as a function of the signal amplitude of the reference diode In-
GaAs. This correction is necessary while performing measurements that require

a precise determination of the collected charge.

The conversion equation 6.4 is only valid for a current amplifier; for a charge
sensitive amplifier the physical quantity proportional to the collected charge is

not the area of the signal, but its amplitude.

Gain: the gain G is defined as the ratio between the charge collected in an
LGAD (Qrgap) and that collected in a PiN diode (Qp;y) with the same active

thickness and in same generation condition (laser intensity and pulse duration).

~ Qrgap
¢= Q@ pin (6.5)

The charge is generated using the IR laser set to a fixed intensity; the laser
intensity is usually such as to generate a number of charges equal to the one
generated by few MIPs. A correction factor may also be applied to the gain

measurement to correct for the laser fluctuations.

Inactive area width: The measurement of the inactive area width between
two adjacent pads (strips) is made by performing a TCT scan between them
and acquiring the collected charge profile as a function of the laser position.
Using the DAQ of the TCT, this scan is performed a hundred times for each
single acquisition, aiming at measuring a mean and an error value of the physi-
cal quantities under study. The laser used for this measurement is the IR laser,
focused, with a spot of about 10 um and with an intensity that does not sat-
urate the dynamic range of the amplifier. The expected charge profile from
the acquisition consists of two S-curves, one for each readout pad; the width in

the inactive area is defined as the distance between the 50% of the maximum
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of the fits of these two S-curves. The S-curve shape is due to the convolution
of a step function representing the response of the sensor when shooting the
laser in an area where the gain layer is present, with a gaussian function, which
represents the profile of the laser pulse intensity. Figure 6.16 shows a sketch of

the inter-pad measurement.

Laser scan

Q[IGaussian laser
!

profile

Charge

Position j\

Figure 6.16: Sketch of the inter-pad width measurement based on a laser scan between
two adjacent pads or strips. In blue the two charge profile collected from the nearby
electrodes; the typical S shape is due to the convolution of the step function that
represents the gain layer, with a gaussian that represents the profile of the laser spot
intensity.

e Time resolution: with the TCT setup, the time resolution of a UFSD is
usually measured as the standard deviation o; of the time distance between
the induced signal in the sensor and the trigger signal generated by the laser

controller, as sketched in figure 6.17. The term o, can be written as

— 2 2
Ot = \/Ut—UFSD + Ut—trigger’ (66)

where 0y_4pigger and oy_ypsp are the time uncertainties of the trigger signal
and the UFSD, respectively. o, can be considered a good approximation of the
UFSD time resolution under the condition 0;_4pigger < 0r—vrsp. To perform
this measurement, it is important to calibrate the laser intensity (calibration

curve in figure 6.15) to generate the same amount of charge in the sensor as
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would be generated by the passage of a MIP. The time resolution measured
with this methodology gives a good approximation of the jitter oj., of the
total time resolution of the device, equation 4.4 since the signal generated by

the laser is not affected by Landau fluctuations.
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Figure 6.17: Sketch of the time resolution measurement as the standard deviation of
the time distance between a laser trigger signal in green and the sensor signal in red.
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Chapter 7

Laboratory measurements

After having described the main properties of UFSD or LGAD sensors (from now
on these two terms will be used as synonyms), this chapter illustrates the laboratory
measurements performed on devices manufactured by FBK and HPK, with the goal
of fulfilling the requirements of the CMS and ATLAS experiments at HL-LHC. Hence,
this chapter is focused on the measurements performed to investigate the different
gain layer strategies of FBK and HPK, the radiation hardness and inter-pad inactive
region of their devices, the timing performances, and finally the uniformity of large
area Sensors.

A selection of key laboratory measurements, based on their importance, will be

shown and discussed in this chapter.

7.1 Gain layer characterization

This section focuses on the gain layer characterization using IV and CV curves and
gain measurements. The main differences between the gain layer designs used by
FBK and HPK will be discussed.

The depth, width, peak height of the profile of the gain layer implant, the thickness
of the bulk, and the working temperature are five parameters that determine the
working voltage range of a UFSD sensor. Measurements on a few sensors used as
case studies will be shown to discuss the effect of these parameters on the optimal
operation of a UFSD.

During the R&D activity of UFSDs, FBK produced sensors with gain layer en-
riched with carbon, aiming at improving the radiation hardness. In the last part of

this section, the effect of adding carbon in the gain layer will be discussed.
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7.1.1 Gain layer strategy by FBK and HPK

FBK and HPK R&D on UFSDs led to different designs of the gain layer region, which
comprises the type of acceptor dopant, the implant depth, and the activation thermal
load. CV measurements have been performed on FBK UFSDs with gain layer type
B-HD/LD, Ga, and on HPK UFSDs Type 3.1/3.2. The CV curves in figure 7.1 show
different depletion trends of the gain layer and Vi, that varies between ~ 20 V and

~ 60 V, suggesting different gain layer implants.

CV measurement on FBK and HPK UFSDs
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Figure 7.1: CV measurements on UFSDs with five different strategies of gain layer:
FBK B-HD/LD/Ga and HPK Type 3.1/3.2.

Using equations 2.78 and 2.79, the implant profiles of each gain layer has been
extracted from the CV measurements. Figure 7.2 shows the extracted profiles: on
the y-axis (linear scale) there is the active doping concentration, while on the x-axis
(linear scale) the depth from the edge of the depleted region in the n™* implant; the
peaks of implants are in a depth range between 0.5 pm and 2.5 gm. The numerical
values of the implants are not shown in figure 7.2 since they are sensitive data of the

foundries and can not be disclosed. The FBK gain layers B-HD (UFSD2-WS8) and
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B-LD (UFSD2-W1) have profiles aligned in depth, but the LD is narrower and higher
than the HD: this difference is due to the different activation thermal load used. The
FBK gain layer with the Ga dopant (UFSD2-W14) has a deeper peak of the implant
than B one. The depth of the gallium implant is different from that of the boron
implant since the gallium has been implanted by an external company and not by
FBK. Moreover, the Ga-profile is wider than the B one due to its higher diffusivity
in the silicon lattice. The gain layer implants by HPK are both much deeper than

the FBK ones.

Implant profile of gain layer by FBK and HPK
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Figure 7.2: Gain layer profiles extracted from the CV measurements shown in figure
7.1.

From a comparison between CV curves and extracted gain layer profiles, it is
possible to note that the relationship between Vi, and the concentration of acceptors
at the peak expressed by equation 6.3 is incomplete; for example, the B-profiles of
FBK have a peak concentration greater or equal than the HPK ones, however, Vg, is
tens of volts lower. This difference of Vi1, between the two vendors can be explained

considering the effect of the implant depth on equation 6.3. The electric field 4, in
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the gain layer rises due to the presence of free charges. At the end of the gain layer,

the field is

dVG L qN BW

= =2 . 7.1

CL T W 2 (7-1)
The electric field in the gap d between the gain layer and the n*™+ implant can be

considered constant (assuming no doping)

AV L qNEW
EGap = dW =2 9 s (72)

while the voltage increases linearly as a function of d

Vi
Vgap = EGapd = Q%d, (73)

as shown schematically in figure 7.3. The voltage of the knee in the CV curves (Vipee)

is given by the sum

d
Vinee = Var + VGap = VGL<]- + QW) (74)

Vv

Figure 7.3: Sketch of the electric field and voltage in the gap d between n** electrode
and the gain layer of thickness W.
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Type of gain layer implant | Vor[V] | Vaap[V] | Vinee[V] | Vinee measured [V]
FBK-UFSD2 B LD-W1 ~ 4 ~ 19 ~ 23 22.4
FBK-UFSD2 B HD-W&8 ~ 6 ~ 18 ~ 24 22.6

FBK-UFSD2 Ga-W14 ~9 ~ 25 ~ 34 30.5
HPK type 3.1 ~10 | ~33 | ~43 40.4
HPK type 3.2 ~ b ~ 48 ~ 53 55.2

Table 7.1: Var, Vgep, and Vipee calculated using equations 6.3, 7.3 and 7.4 and
comparison with Vj,.. measured.

Replacing in equation 7.4 the width at half height and the depth of the FBK
and HPK gain layer profiles extracted from the CV measurements, it is possible to
estimate the voltages of the knee. Vj,.. calculated using equation 7.4 are summarized
in table 7.1; they show a good agreement with the CV curves in figure 7.1. In addition,
the comparison between Vg, and Vi shows that the voltage of the knee is mostly
due to the field in the gap.

The depth and width of the gain layer are two of the main parameters that de-
termine the multiplication factor, the breakdown voltage due to the gain, and the
working voltage of an LGAD. Comparing the IV curves in figure 7.4, which refer to
the five sensors characterized, two conclusions can be drawn: (i) in the HPK sen-
sors, with deep gain layer, the breakdown due to gain occurs at lower bias voltage
than in FBK ones with shallow gain layer, as expected from the multiplication mech-
anism discussed in section 4.1.1 (deep gain layer to operate at high bias must be
not much doped); (ii) LGADs with narrow gain layer have a lower BD voltage due
to higher gain, than sensors with wide one. As case of study we consider the two
sensors FBK-UFSD2-W1-(B LD) and FBK-UFSD2-W8-(B HD): from the gain mea-
surements, figure 7.5, the first one has higher gain than the second one, despite a 4%
lower gain dose; this result is in agreement with the BD voltage from the IV curves
of the two sensors under test.

The third determining factor for the optimal design of a UFSD is the gain dose of

the multiplication layer, which also determines the gain and the breakdown voltage of
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IV measurement on FBK and HPK UFSDs
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Figure 7.4: IV measurements on sensors with the five different types of implants of
the gain layer shown in figure 7.2.
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Figure 7.5: Gain measurements on FBK-UFSD2 sensors with gain layer type B HD
(W8) and B LD (W1). W1 has a higher gain than W8 despite a 4% lower gain dose.
These gain measurements have been performed with the front TCT setup.
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the device. Figure 7.6 shows a comparison between W3 and W8 of the FBK-UFSD2
production: both wafers have a gain layer type B HD, differing by 2% in the gain
dose. The top panel of the figure shows the CV curves, where it is possible to note
a slight difference (< 1 V) between the voltages of the knee; on the bottom panel,
the gain measurements as a function of the bias. It is interesting to note that for
a variation of 2% in gain dose, the gain curves shift by about ~ 25 V (only valid
statement for an FBK-B HD gain layer). Hence, a small variation in gain dose can

have a rather large effect on the gain and the working voltage of a UFSD.
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Figure 7.6: CV (top) and gain (bottom) measurements on W3 and W8 of FBK-
UFSD2 production. W3 and W8 have the same gain layer type (B HD) with a
difference in gain dose of 2%.
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The fourth factor that determines the working bias voltage of a UFSD is the active
thickness of the substrate: in sensors with the same gain layer implant and external
bias voltage applied, the UFSD with thinner active thickness will have a higher gain
(higher internal electric field) and a lower BD voltage. The two IV curves in figure
7.7 show the BD difference between HPK UFSDs (table 5.4), with the same doping
condition but an active thickness of the bulk that differs by 30 pm. The breakdown
voltage due to gain in the 50 pm thick UFSD is ~ 250 V' lower than in the 80 um

thick one.

HPK ECX20840 (doping condition 3) - IV comparison between 50um and
80um thick UFSDs
1.00E-06

1.00E-07

1.00E-08

50um thick
~——80um thick

1.00E-09

Leakage Current [A]

1.00E-10

1.00E_11 1 1 1 1 1 1 1 1 1 1 I 1 1 1 I ]
0 100 200 300 400 500 600 700 800
Reverse Bias Voltage [V]

Figure 7.7: IV measurements on two HPK UFSDs, table 5.4, with the same gain layer
doping concentration (doping condition 3) and bulk thickness of 50 and 80 pm.

The fifth and last factor determining the working bias of a UFSD is the tem-
perature at which the device operates. As discussed in section 4.1.1, the avalanche
multiplication mechanism is temperature-dependent (see equations 4.2 and 4.3). As
shown in figure 4.4 the mean free path A needed to achieve multiplication moves to
lower electric field values as the temperature decreases; therefore, with the same ex-

ternal bias voltage condition, the gain of an LGAD is higher by lowering the working
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temperature. Figure 7.8 shows the effect of the temperature on the gain of a HPK-
Type 3.1 and a FBK-UFSD3-W5 device: by lowering the working temperature from
300 K to 250 K, the same gain value is achieved decreasing the bias voltage of 50 V'
and 90 V for the HPK and FBK sensor, respectively. The bias difference required
to compensate for a change in temperature is greater for the FBK sensor due to the
shallower gain layer, which operates in a higher electric field region than the HPK one
(see section 4.8.3): A saturates at high electric field values (see figure 4.26), reducing
the gain variation capability as a function of external bias; this explains the difference

in bias compensation observed in HPK and FKB sensors.
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Figure 7.8: Temperature effect on the gain of a HKP-Type 3.1 and FBK-UFSD3-

W5 LGAD. Markers represent experimental data, while solid lines represent WE2
simulations.
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Concluding the discussion on the gain: for the same internal gain condition, a
sensor working at higher bias is better to achieve good time resolution than a sensor
working at a lower one. The drift velocity of the holes, contrary to electrons, never
saturates, (see figure 2.4); therefore, the higher the bias, the better the drift velocity
of the holes and the better the slew rate of the signal, as result, a good time resolution
is achieved at lower gain [59].

In conclusion, the optimal design of UFSDs to generate an electric field inside the
sensors high enough to saturate the drift velocity of charge carriers away from the BD
voltage goes through a tuning work of the amplitude, width and depth of the gain
layer profile, combined with the active thickness of the bulk and the temperature at

which the device operates.

7.1.2  Carbon effect on the gain layer

In the UFSD2 and UFSD3 productions of FBK (tables 5.2 and 5.3), the gain layer
of some wafers has been enriched with carbon atoms, in order to reduce the accep-
tor removal rate and to improve the gain layer radiation resistance. As discussed in
section 4.8.2, the interstitial defects created by the radiation form complexes with
boron atoms making them inactive, reducing the gain layer active fraction. The car-
bon atoms also form complexes with the interstitial defects introducing a competitive
process that reduces the probability of the boron atoms to be deactivated. There-
fore, with carbon addition, the deactivation of the gain layer is slowed down. This
mechanism of protection will be discussed in detail in section 7.3.3.

The carbon enrichment produces also additional effects: (i) the leakage current
increases, as shown in figure 7.9, without however causing degradation in sensor per-
formances, and (ii) the capture of a fraction of the implanted boron atoms, leading
to a less doped gain layer. The carbon-boron capture can be appreciated by com-

paring the depletion voltages of FKB sensors with the same initial active doping
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FBK-UFSD2 - IV of LGADs with different carbon doses
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Figure 7.9: Carbon effect on the leakage current in UFSD2 LGADs: carbon enrich-
ment increases the sensor leakage current.
concentration in the gain layer, but with different carbon densities.

A first comparison has been made on UFSD2 sensors, between wafer 6 (carbon)
and wafer 8 (no carbon): the depletion voltage of the carbonated wafer is lower by
~ 0.3 V than not carbonated one. A similar result, with a difference of ~ 0.7 V,
has been obtained in the comparison of wafer 3 (no carbon) with wafer 4 (carbon).
Given the precision of the CV measurements, ~ 0.1 V' it is possible to conclude
that the differences in depletion voltage are due to the presence of carbon in the gain
layer. The fraction of inactive boron due to carbon has an important effect: the
gain is lower in carbonated LGADs at the same external bias voltage. Figure 7.10
shows a comparison between the gain curves measured on W3, W4, W6, and WS:
above 300 V', a clear difference of gain is evident in carbonated wafers with same
initial boron concentration; moreover, the gain of W6 is very similar to that of W3,
as result, the low carbon dose in UFSD2 has the same effect as decreasing the initial
active boron concentration by ~ 2% (difference in gain dose between W8 and W3).

The carbon-boron capture has been studied using CV measurements also in the
UFSD3 production, figure 7.11. UFSD3 wafers have been enriched with four different

doses of carbon: the lowest one (dose A) corresponds to dose Low in UFSD2; the
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FBK-UFSD2 - gain measurementsin carbonated and not carbonated
sensors
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Figure 7.10: Gain measurements on UFSD2 W3, W4, W6 and W8. Carbon enrich-
ment decreases the internal gain of UFSDs.

highest one (dose D) is five time the dose A, and the two intermediate doses (B and

C) are two and three times the dose A, respectively.

FBK UFSD3 - CV measurements of carbonated LGADs
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Figure 7.11: CV measurements on UFSD3 sensors enriched with different carbon
doses: the depletion voltage of the gain layer shifts at lower values due to the carbon
enrichment.
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A difference of ~ 0.5 V' has been measured from the comparison of the wafer 5
enriched with carbon dose A and the wafer 1 not-carbonated, validating the results
obtained on UFSD2. Measurements on UFSD3 sensors enriched with dose B, C and
D, and on UFSD2 sensors enriched with carbon dose High show a stronger boron
deactivation: at these carbon doses, the depletion voltage of the gain layer with
respect to the not carbonated sensors decreases by ~ 3 V, ~ 5V, ~ 10 V, and

~ 20 V', respectively.
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Figure 7.12: Depletion voltage (top) and the active fraction of the gain layer (bottom)
as a function of the carbon dose for FBK-UFSD2 and UFSD3 sensors.

Figure 7.12 (top) shows the gain layer depletion voltage as a function of the carbon

dose normalized to the dose A, while the plot on the bottom shows the active fraction
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of the gain layer (Vi1 (carbon) /Var(no carbon), from equation 6.3) as a function of the
carbon dose. From the plot on the right it is possible to observe that the deactivation
of the gain layer increases linearly as a function of the carbon dose in a dose range
between A and C. For doses below A, the boron deactivation is weaker, suggesting that
the carbon-boron capture could be a threshold mechanism, linear above a minimum
carbon dose of ~ 0.8A; while for carbon doses above C, the carbon-boron capture
tends to saturate.

The carbon enrichment has a secondary effect on the gain layer: it limits the
lateral diffusion of the boron implant during the activation. The gain layer profile,
extracted from CV measurements, on UFSD3-W5 (B LD + C-A), is higher and
narrower concerning that of a sensor with the same type of gain layer without carbon,
UFSD3-W1 (B LD) without carbon. Figure 7.13 shows a comparison between the
gain layer profiles for these two wafers. This effect has a significant impact on the

performances of the irradiated UFSDs, see section 7.3.3.

FBK UFSD3 - gain layer profiles of B LD and B LD+C_A implants
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Figure 7.13: Gain layer profiles of a UFSD3-W5 (B LD + C-A) and UFSD3-W1 (B
LD), the implant profile in the carbon enriched wafer is narrower and higher than in
the not enriched wafer.
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7.2 Inter-pad region studies

Several types of inter-pad designs in FBK-UFSDF3 and HPK-EXX2899 productions
have been characterized. In this paragraph, the study of the design of the inter-
pad region will be presented. The measurements of the extent of the inactive region
(no-gain) between neighbouring pads have been performed with TCT setup on de-
vices from both foundries. On the UFSD3 devices, this study has been completed
with the use of a low noise CCD camera, in order to identify the location of prema-
ture breakdown. The paragraph ends with a discussion of the pop-corn noise, that
is, intermittent microdischarges very similar to signals generated by the passage of

particles.

7.2.1 Breakdown and inter-pad in FBK-UFSD3

Two types of UFSD3 devices from W1 have been selected to characterize the four
inter-pad layouts used in this production: devices CMS 2x2 array with Aggressive,
Intermediate and Safe layout, figure 7.14 (left); a device MoVelT strips (fat strips)
with Super Safe layout, figure 7.14 (right). These devices have a special optical
window (i.e. a region without metalization) of dimension ~ 20 pm x 200 um between
two adjacent pads or strips, which allows shooting the laser in the inter-pad region.
IV measurements have first been performed on these devices, connecting all pads
or strips and guardring to the ground level of the measuring instrument. Sensors
with the Aggressive, Intermediate and Safe layouts have an earlier breakdown voltage
compared to the Super Safe design, and it is visible in the IV measurements shown
in figure 7.15. The BD of Super Safe sensor occurs at ~ 300 V and it is due to
the internal gain, this can be deduced from the exponential trend of the current as
a function of the bias. For other layouts, the BD voltage is strongly related to the

width of the inactive area, since it decreases for narrower inter-pad regions. These
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measurements have been repeated on several devices, showing good uniformity.
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Figure 7.14: The layout of the FBK-UFSD3 sensors selected to characterize different
inter-pad regions. On the left, the CMS 2x2 array sensor (Aggressive, Intermediate,
and Safe layout), on the right the MoVelT strips sensor (Super Safe layout); the
circular windows show a zoom of the optical slits present on these devices.
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Figure 7.15: Breakdown measurements on FBK-UFSD3 termination layouts: Super
Safe, Safe, Intermediate and Aggressive.
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Aiming at investigating the phenomenon of premature breakdown, each device
underwent a full x-y TCT scan in the region between pads, at bias voltages close to
BD. Figure 7.16 shows an example of TCT scans performed on a CMS 2x2 array-Safe
at three different bias: 200 V', 250 V' and 260 V' (BD voltage); the three 2D maps
show the amount of charges (colour scale) collected from the top right pad (pad 1)
of the sensor. From these maps of charge, it is noticeable that as the bias increases,
becoming close to the BD voltage, the amount of collected charge increases in the

corner of the pads in the center of the array.

200 5004 55, 9,
3000 @ )
180 > 2
E = § 3
f— [} 1 [
= 120 1500 43 - 2
] o ] 2
S 100 1000 3 E 3
§. 80 so0 © §. (5]
> 60 0 >
40 -500
20 ~-1000
0 -1500
[] 20 a0 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
x position [um] —_ X position [pm]
3
200 3500 3
180 3000 %
]
'_'150 2500 -5
§1w 20 5
= w0 & N
o 2
B 100 1000 °
3 80 s00 O
a ) S
> 60 rem——
40 -500
20 -1000
o -1500

60 80 100 120 140 160 180 200
x position [um]

Figure 7.16: Maps of collected charge in a pad of W1-CMS 2x2 array-Safe device, at
bias voltages of 200 V', 250 V| and 260 V' (breakdown voltage). In the bottom-right
corner the device layout, with the TCT scan area highlighted.

This phenomenon is anomalous since in this region there are only termination
structures. The "hot spot” (region with high current density) in the corner of the
pad is due to a high surface electric field, which generates a local gain that leads to

early breakdown. In these maps, the effect of charge multiplication due to the gain
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layer is not visible because it is covered with a metal layer. The same measurements
have been performed on MoVelT strip-Super Safe device, close to the corner of the
strips, at bias 300 V, 320 V' and 330 V' (BD voltage). The maps of the collected
charge in figure 7.17 do not show any hot spots on the strip under test, as expected

from the high BD voltage seen in the IV curves.
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Figure 7.17: Maps of collected charge in a strip of W1-MoVelT strip-Super Safe
device, at bias voltages of 300 V, 320 V' and 330 V (breakdown voltage). In the
bottom-right corner, the device layout with the TCT scan area highlighted.

From the charge maps in figures 7.16 and 7.17, the collected charge along the edge
of the readout pad and strip have been extracted. On the left side of figure 7.18, at
the corner of the readout pad, the profiles obtained from the Safe sensor shown an
increase with increasing bias. On the right side, the same curves from the Super Safe
sensor do not show this trend. Similar measurements have also been performed on
Intermediate and Aggressive devices, showing the same behaviour of the Safe one.

To further explore the hot spots phenomenon, the TCT measurements have been
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MoVelT strips-Super Safe
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Figure 7.18: Projections of the collected charge along the edge of a pad in an UFSD3-
CMS 2x2 array-Safe device and of a strip in a UFSD3-MoVelT strips-Super Safe
device, at three different value of bias voltage.
complemented by similar measurements performed with a CCD camera mounted on
the optic of the probe station. The CCD camera used is the Hamamatsu C11090-22B
EM-CCD camera, able to detect the photons emitted by the hot spots in the visible
spectrum. For each sensor under test, several photos have been taken in complete
darkness, at the same bias voltages of the TCT setup. These photos have been
superimposed to a photo taken with light, in order to locate the hot spots on the
surface of the device. Figure 7.19 shows the photos taken on the sensors CMS 2x2
array-Safe, the same one used in figure 7.16. The hot spots appear in the corners of
the pads, confirming the results obtained with the TCT. Similar images have been
obtained for the Intermediate and Aggressive devices, finding identical results. For
the Super Safe sensor, no hot spots appear close to the BD voltage, in agreement with
the TCT measurements. In conclusion both TCT and CCD camera measurements,
on Safe, Intermediate and Aggressive devices, show a breakdown due to high electric
fields at p-stop and JTE termination structures.

Premature BD has also been studied in irradiated sensors, showing as the ir-

radiation cures it in Aggressive, Intermediate and Safe layouts. Figure 7.20 shows
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Figure 7.19: Photos taken with a CCD camera on a UFSD3-CMS 2x2 array-Safe
sensor, at three different values of bias voltage: 200 V', 250 V' and 260 V. Hot spots
(yellow spots) appear close to the breakdown voltage.

the IV curves of Aggressive sensors irradiated with neutrons to fluences 0.4, 0.8 and
1.5 - 10% n.,/em?, which do not show any premature BD. The irradiation generates
scattering centres that slow down the charge carriers and they inhibit the avalanche

multiplication mechanism, that in non-irradiated sensors is caused by high surface

electric fields (see section 4.1.1).
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Figure 7.20: Breakdown measurements on FBK-UFSD3 Aggressive sensors irradiated
up to a fluence of 1.5 - 10 Neq/ em?; measurement at room temperature.
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After having investigated and studied the phenomenon of the earlier breakdown in
UFSD3 devices, the same typology of sensors has been used to perform the measure-
ments of the extent of the inactive region between adjacent pads. The measurement
methodology is described in section 6.2. Figure 7.21 shows these measurements on
the four flavours of termination layouts: the solid lines with the typical S shape are
the fits of the charge profiles collected by the two pads or strips, on each side of the
optical window. Each fit is obtained with the convolution of a Step and a Gaussian

function (dashed lines).
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Figure 7.21: Collected charge profile along the optical window between two nearby
pads for the four different termination layout designs in UFSD3: Super Safe (top-left),
Safe (top-right), Intermediate (bottom-left) and Aggressive (bottom-right).

The first interesting result is that even for the device with the largest inter-pad
layout, the width of the inactive region is less than 40 pum wide; this result is very
important for the development of large area sensors with a fill factor of at least 95%, as
required by the HL-LHC experiments. The results of the inter-pad width region of the

UFSD3 layouts are summarized in table 7.2. It can be noticed that these results are in
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Inter-pad layout | Measured distance [um] | Nominal distance [um] | Laser spot [um)]
Super Safe 38.3 41 13.4
Safe 30.4 31 10
Intermediate 16.7 20.5 10.1
Aggressive 16.4 11 7.7

Table 7.2: Results of the inter-pad (no-gain) region extension performed with Front-
TCT setup on FBK-UFSD3 sensors.

good agreement with the nominal distances expected from the sensor layout, except
for the aggressive configuration. The inter-pad measurement of the Aggressive sensor
has been the only one performed at a bias voltage not high enough to saturate the
drift velocity of the charge carriers since this type of device has a breakdown voltage
of ~ 100 V. This fact has a not negligible effect on the charge collection lines at the
edge of the gain layer, increasing the inactive region. The measurements on the Safe
and Intermediate devices have been repeated at four different bias voltages, making
sure that the devices were fully depleted and the drift velocity of the charge carriers
saturated. Both types of devices show a decrease of the inter-pad distance as the bias
voltage increases: the inter-pad width varies of about 1 pum for a bias variation of
30 V and 45 V for the Safe and Intermediate sensors, respectively. This result further
supports the hypothesis that the measurement performed on the Aggressive sensor is

affected by a bias voltage that is too low.

Pop-Corn noise

An undesirable effect has been observed during the characterization of the UFSD3
devices. Microdischarges appear at certain values of bias and cause an increase in
device noise, we call this effect "Pop-corn noise”. Pop-corn noise had already been
observed in UFSD2 devices, but it did not represent a problem since it appeared just
a few volts before BD; it has always been considered as an indication of the beginning
of BD. In UFSD3 devices, the Pop-corn noise appears at much lower voltages than the

BD, preventing the operation of the devices at an appropriate voltage. An example
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of Pop-Corn noise is shown in the oscilloscope screen reported in figure 7.22 (left):
the yellow noise baseline of a sensor with Pop-Corn noise shows several spikes, while
the pink one is the noise of a sensor without this effect. According to the literature
[60], Pop-corn noise is generated by a too sharp p-n junction. In a UFSD device,
this junction is located between the p-stop and the bulk: positive charges in the
oxide induce a layer of electrons underneath it, which creates an inversion layer that
acts as n-doped silicon. This inversion layer creates a p-n junction with the p-stop,
as shown in figure 7.22 (right). In the UFSD3 production, all the implants have
been created with the stepper technique, instead of the mask aligner used in UFSD2.
The stepper creates much sharper implants, with better defined edges. This positive
aspect, however, makes the p-n junction sharper and more prone to generate Pop-corn

noise. The doping of the p-stop has also an effect: the higher the doping, the sharper

the p-n junction.

Gain layer

floating

n-silicon
p-n junction

p bulk

Figure 7.22: Left: comparison between baselines noise with and without Pop-Corn;
Pop-Corn (yellow), no Pop-Corn (pink). Right: a sketch of a possible interpretation
of the Pop-Corn noise in UFSD sensors.

7.2.2  Inter-pad in HPK UFSDs

Measurements of inter-pad region have been also performed on HPK UFSDs. In the
HPK-EXX28995 production (section 5.2.2) four different configurations of inter-pad
region are implemented, labelled with the inter-pad factor 95, 70, 50 and 30. The first
label represents the safest configuration, while the last one the more aggressive. The

devices selected to study the inactive area between pads are 2x2 array (FBK-like);
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a front view of the layout of one of these devices is shown in figure 7.23, on the left.
Since, the 70, 50, and 30 devices do not have inter-pad optical slits on the front side,
all the inter-pad measurements have been performed shooting the IR laser from the

back side of the devices, where there is a grid of metal-optical windows, shown in

figure 7.23, on the right.

Back

Figure 7.23: Picture of a HPK-UFSD 2x2-array selected to characterize different
inter-pad regions on EXX28995 production. On the left, the sensor layout of the
front side, while on the right a photo of the back side of the sensor with an optical
window grid.

The first measurements performed are IV characterizations to study the BD volt-
age for the different termination layouts. The BD occurs at very similar voltage values
in each of the 4 types of devices, not showing a dependency on the inter-pad layout:
250 V is the BD voltage of the devices 95, 70 and 50, while 220 V' it is of the 30.
It was decided to perform the measurements on the width of the no-gain region at
voltages 30 V' lower than the BD one.

Figure 7.24 shows the four measurements of inter-pad width, while the results are
summarized in table 7.3. It is possible to notice that the extension of the inactive
area is between a maximum value of 130 ym and a minimum of 72 um. The inter-pad
measurement has also been performed on the front side of the array 2x2-95 device
which has optical slits, obtaining a result consistent with that one obtained from the
back side. This result validates the back side method performed on the other types

of devices.
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In conclusion, the results show that all the FBK layouts have lower inter-pad

regions than the HPK ones, however at the expense of a BD voltage that depends

on the termination layout type. The design of FBK-UFSD3 needs to be improved to

remove the presence of the Pop-corn noise and increase the BD voltage.
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Figure 7.24: Inter-pad measurements on HPK-Type 3.1 sensors for 4 different inactive
region layouts: inter-pad factor 95 (top-left), inter-pad factor 70 (top-right), inter-pad
factor 50 (bottom-left) and inter-pad factor 30 (bottom-right).

Inter-pad factor

Measured distance [pum]

Nominal distance [pum]

Laser spot [um]

95
70
50
30

130
114
92
72

unknown
unknown
unknown
unknown

15
17
16
20

Table 7.3: Inter-pad region extension measurements on HPK-Type 3.1-EXX28995

7.2.3 Trench isolated LGADs

An alternative segmentation technology to the standard one (JTE and p-stop), which

has the potentiality to reduce the extent of the inter-pad region, is the Trench Isola-
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tion (TI) technology. This technology is based on deep and narrow trenches, which
physically separate and electrically isolate the multiplication layers of adjacent pads;
Trench isolation is extensively used in CMOS image sensors [61] and in silicon photo-
multipliers [22]. The trenches replace the JTE and p-stop implants, they are dug with
deep reactive ion etching technique and filled with silicon oxide; they have a width
less than 1 pm. Figure 7.25 (left) shows a sketch of a cross section of a TI-LGAD.
The first LGAD devices with a trench isolation (TI-LGADs) have been produced
by FBK in an own internal production [38]. These devices have been fabricated on
epitaxial substrate ~ 55 pum thick; to facilitate the electrical characterization, sensors
with two pads (250 pm x 375 pm) have been fabricated. Figure 7.25 (right) shows
a photo of a device, where the two pads and guardrings that surround them can be
identified; moreover, an optical slit (15 um x 200 pm) between the two pads allows

shooting the laser in the inter-pad region to perform inactive area measurement.
pad

H n contact [—'> l_|> R
I
Guard-rings: ain laye Gain ayel
Floating or/and at
ground ~
N

p bulk trench

Figure 7.25: Left: cross section, not to scale, of a trench isolated LGAD. Right:
picture of a TI-LGAD with two pads surrounded by guardrings.

Two different trench designs have been implemented: the first one with a trench
grid between pads (version T1); the second one where each pad is surrounded by a
trench ring (version T2). The nominal distance between the gain layer in T1 and T2
designs is ~ 4 um and ~ 6 um, respectively. IV characterization on both designs
shows a breakdown due to gain and a very good pads insolation. TCT measurements

of the width of inter-pad region have been performed: figure 7.26 shows the compari-
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son between the inter-pad of a TI-LGAD T2 (red) and the inter-pad of a FBK-UFSD3
Intermediate layout (green). The inter-pad profile of the TI-LGAD proves excellent
electrical isolation of the two pads; the collected charge from the read-out pad is zero
when the laser shots on the nearby one. The inter-pad distance measured is ~ 7 pum.
In conclusion, the TI-LGAD is a very promising technology, it reduces the inter-pad
width by a factor of five compared to the Safe design in UFSD3 and by a factor
of two compared to the Intermediate one. The successful production of TI-LGAD
prototypes paves the way to the production of UFSD pixel sensors with pitch down

to 50 pum.

UFSD3 Intermediate (green) VS TI-LGAD (red) inter-pad distance

charge [a.u.]

Figure 7.26: Inter-pad measurement of a TI-LGAD T2 (red) compared with the
inter-pad of a UFDS3 Intermediate device (green).

7.3 Radiation hardness

This section focuses on the study of radiation damage produced by neutrons and

protons in LGAD sensors with an active thickness of about 50 pum, and with different
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types of gain layers.
Measurements of leakage current increase, of acceptor removal in the gain layer,
of acceptor creation in the bulk and of the decrease in charge collection efficiency will

be shown and discussed below.

7.3.1 Irradiation campaign and handling of irradiated sensors

The UFSD and PiN devices of UFSD2 and UFSD3 productions by FBK and of
EXX28995 production by HPK have been irradiated, without bias, with neutrons
and protons. The neutron irradiation has been performed at JSI research reactor of
TRIGA type in Ljubljana, of which neutron spectrum and flux are very well known
[62]. The irradiation fluence is expressed in 1 MeV neutrons equivalent per cm?
(neg/cm?) and for this irradiation campaign, the range of fluences chosen is between
1-10" and 1-10% n.,/em? Table 7.4 reports the wafers, their corresponding gain
layer types and the steps of irradiation chosen for the neutron irradiation campaign.

The protons irradiations have been performed in three facilities: the IRRAD facil-
ity located at the T8 beamline at the CERN PS East Hall, with 24 GeV/c protons; the
Cyclotron and Radioisotope Center (CYRIC) at Tohoku University, with 70 MeV/c
protons; KIT irradiation facility in Karlsruhe, with 23 MeV/c protons. The purpose
of these irradiation campaigns is to study the radiation damage (acceptor removal) as
a function of proton energy. The NIEL factor decreases as proton energy increases,
as shown in figure 7.27, therefore the expected damage is strongest for low energy
protons. The NIEL factors of the three proton irradiation facilities are reported in
table 7.5 and also marked with red circles in figure 7.27. Table 7.6 reports all the in-
formation about the proton irradiation campaigns; the irradiation fluence is expressed
in number of protons per ecm? (p/cm?), the corresponding value in n.,/cm? can be
obtained by multiplying the proton fluence by the NIEL factor.

The sensors selected for neutrons and protons irradiation campaigns are single
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pad, couple PiN-LGAD and LGAD-LGAD, 2x2, and 5x5 array devices; the active

area of each pad of the devices varies from 1 mm? to 3 mm?.

Foundries | Production | Gain layer type | Wafer Fluence [n.,/cm?]
B LD 1
B HD 2
UFSD2 T aETe 6 02,04, 08,15, 30, 60,
10-10
Ga 14
18
Ga+C-A 15
1
B LD 9
FBK BLD{CA | |
B LD+C-B 7
B LD+C-C 9
UFSD3 B LD+C-D 11 0.4, 0.8, 1.5, 3.0- 10"
12
B HD 13
14
B HD+C-A 15

B HD+C-B 18
B HD+C-C 20
Type 3.1 8
Type 3.2 18

HPK EXX28995 0.1,0.4,0.8, 1.5, 3.0-10"°

Table 7.4: Summary of wafers and fluences used in the neutron irradiation campaign
performed at JSI research reactor of TRIGA type in Ljubljana.

Irradiation facility | Proton energy [MeV/c| | NIEL factor
KIT 23 2
CYRIC 70 1.47
IRRAD 24 - 103 0.67

Table 7.5: Summary of proton irradiation facilities with the respective proton energy
and NIEL factor.
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NIEL factor for protons
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Figure 7.27: NIEL factor tabulated in literature as a function of protons energy (black
line) and NIEL factors of the three protons irradiation facilities (red circles).

. . Gain layer Proton energy Fluence
Foundries | Production Wafer
type [MeV)c] [p/cm?]
B LD 1 23 0.4, 0.8 -10%
BT 0.167, 1.0, 1.67,
B HD 3 24 -10 =0 1015
UFSD2 8 23 0.4, 0.8 -10%
B HD+C-A 6
FBK Ca 11 94 . 103 (5).(1)671,0115.0, 1.67,
Ga+C-A 15 e
BLD ! 70 0.34, 0.68 - 1017
UFSD3 4
B LD+C-A 923 0.34, 0.8, 1.6 -
5 1015
HPK | EXX28995 | Type3.1 | 8 23 e U

Table 7.6: Summary of wafers, fluences and proton energy used in proton irradiation
campaign.

Once the irradiation has been completed and the sensors are considered no-more
radioactive, before starting the characterization tests, it is necessary to perform the
annealing procedure (section 3.3). The annealing recipe for irradiated UFSDs consists
to heat them 80 min at 60 °C', this temperature is above the recrystallization one of

the silicon, while it is below the melting one. Afterward, the devices are constantly
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kept in a cold box at —20 °C'. All irradiated sensors characterized in this Ph.D. thesis

have undergone this annealing treatment.

7.3.2 Leakage current in irradiated 50 pum thick PiN diodes

Once the annealing procedure is complete, it is possible to start the sensor charac-
terization. The first measurement performed is the IV on PiN diode (no-gain), to
measure the bulk leakage current increment due to the irradiation. Figure 7.28 shows
the IV curves measured on FBK-UFSD2 W1 devices of active area 1 mm?, irradiated
with neutrons in a fluences range from 2 - 10 to 1 - 10' n,,/em? The radiation
increases the bulk leakage current by several orders of magnitude compared to that

of an unirradiated sensor (black IV).

FBK UFSD2 W1 - Leakage current of irradiated PiN diodes with neutrons
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Figure 7.28: Bulk leakage currents measured at room temperature on FBK-UFSD2-
W1 PiN diodes, of active area 1 mm? and active thickness of ~ 50 pum, irradiated
with neutrons.

Figure 7.29 shows the increase of the leakage current measured at the external
bias voltage of 340 V, as a function of the irradiation fluences. Since the bulk current

increases linearly with the fluence, as discussed in section 3.3, from the linear fit of
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the data it is possible to estimate the current-related damage rate («) as the ratio
between the angular coefficient of the linear fit and the depleted volume of the devices

(see equation 3.13).

UFSD2 W1 PiN diode - Leakage current increment VS Neutrons
irradiation fluence
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Figure 7.29: Linear increase of the bulk leakage current as a function of the irradiation
fluence for FBK-UFSD2-W1 PiN diodes, of active area 1 mm? and active thickness
of ~ 50 um, irradiated with neutrons.

The « factor has been extracted from five FBK-UFSD2 wafers, the values obtained
are reported in table 7.7. The depleted volume of the sensors, used to extract these
five values, is 5 - 107° e¢m3; this value is given by the product of the active area of
the sensors with the bulk active thickness of ~ 50 um. The average value ean =

(6.340.4)-1071" A/cm has been obtained from values in table 7.7. The value of aean

UFSD2 wafer | a [10717 A/cm)
1 6.6
6 6.9
8 6.0
14 6.1
15 5.9

Table 7.7: Current-related damage measured on irradiated FBK-UFSD2 PiN diodes
with a float zone bulk of thickness ~ 50 um.
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is ~ 30% higher than the value of (3.9940.03)-107'7 A/em reported in the literature
(see [8], chapter 5). The overestimation of qyeqn could be due to edge effects not

considered in the calculation of the depleted volume of the sensors.

7.3.3 Acceptor removal rate in different gain layer designs

The acceptor removal mechanism (see sections 3.3 and 4.8.2) has been studied on
different gain layer designs, aiming at identifying the most radiation resistant. The
experimental technique used to quantify the acceptor removal rate is the CV measure-
ment. As mentioned in section 6.1.2, from the CV curve it is possible to extract the
depletion voltage of the gain layer, which is proportional to the amount of the active
doping into the gain layer, equation 6.3. The radiation reduces the active acceptors
concentration in the gain layer, therefore reducing its depletion voltage. Figure 7.30
shows the evolution of the CV curve in FBK-UFSD2-W8 (B HD) single pad sensors,

2

of active area 1 mm?, irradiated with neutrons.

FBK UFSD2 Wafer8 - Gain layer B 1,02 H - CV measurements of irradiated
LGADs - neutrons irradiation
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Figure 7.30: Evolution of CV curves for UFSD FBK-UFSD2-W8 sensors, of active
area 1 mm?, irradiated with neutrons. Irradiation fluence starts at 2 - 101 n.,/cm?
and doubles at each step up to 6 - 10 n.,/cm?. Measurements performed at room
temperature and 1 kHz frequency.
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This plot clearly shows that V; decreases as the radiation fluence increases, in
a fluence range between 0 (black curve) to 6 - 10' n.,/em? (red curve); For the
sensor irradiated to 6 - 10 n.,/cm? the typical knee in the CV curve is completely
disappeared, proving the complete deactivation of the gain layer.

The acceptor removal rate ¢(N4(0)) (see equation 3.14) can be obtained from
the ratio between the values of the depletion voltage of the gain layer of irradiated
(Ver(#)) and not irradiated (Vg (0)) sensors; this ratio is equivalent to the ratio of

their active acceptors densities

sg-fg-c m
Figure 7.31 shows this ratio (fraction of still active gain layer) as a function of the
irradiation fluence, for the wafer 8 of FBK-UFSD2 production. Fitting these data
with an exponential function it is possible to obtain the ¢ coefficient for this specific
type of gain layer. The smaller the value of ¢, the higher the gain layer radiation

hardness (acceptor removal curve less steep).

FBK UFSD2 Wafer8 - Initial acceptor removal - neutron irradiation
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Figure 7.31: Fraction of still active gain layer as a function of the neutron irradiation
fluence, for FBK-UFSD2 wafer 8 (B HD).
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Modelling the sensor with the equivalent circuit Rp—Cp, there are two methods to
extract the value of the depletion voltage of the gain layer: the first one is based on the
1/C?(V) curve, the second one using the Rp(V') curve. The 1/C?(V)-method exploits
the sharp change in slope of this curve corresponding to the transition from the gain
layer to the bulk region; the intercept of the linear fits of the 1/C?%(V) curve before
and after its change in slope gives the depletion voltage of the gain layer called V5.
The Rp(V')-method exploits the presence of a cusp in correspondence of the depletion
voltage of the gain layer, allowing easy identification of V% : the sharp decrease of
the Rp value after V£ is due to the transition of the depletion volume from the gain
layer to the bulk; the depletion volume initially increases both laterally and deeply
generating an undershoot in the Rp(V') curve. Figure 7.32 (top) shows the 1/C?(V)
and Rp(V) curves for a FBK-UFSD2 W1 sensor irradiated to 2 - 10 n.,/cm?, with
neutrons; it is evident the good correspondence between V§; and V£ obtained with
the two extraction methods described above. Figure 7.32 (bottom), instead, validates
the use of Rp-method to identify V: from a comparison between the Rp trend with
the gain layer profile extracted from CV measurement, there is a very good agreement
between the Rp cusp and the depth where the concentration of gain layer implant
approximates the doping value of the bulk.

The extraction of V,§; becomes more and more difficult as the irradiation fluence
increases: acceptor removal in the gain layer and acceptor creation effect in the
bulk make their p-doping concentrations closer to each other, making the change
of slope in the 1/C?(V) curve less and less evident; on the other hand, the cusp in
Rp(V') curve is also evident to any fluence, as shown in figure 7.33. The comparison
between VS, and V£ values, in irradiated sensors with neutrons up to fluence of
3-10" ne,/em?, shows differences between them of about 1-2 V; these differences affect
the acceptor removal coefficient measurements with differences of ~ 10% considering

only irradiation fluences of the order of 10'* n.,/cm? and with differences of 20%

185



considering also fluences of the order of 10" n./em?. In order to standardize as

much as possible the acceptor removal measurements, all acceptor removal rates that
will be shown below, have been measured using the Rp-method.

1/CA2(V) and Rp(V) curves of FBK UFSD2 LGAD irradiated with neutrons
to 2E14n_eq/cm”2
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Figure 7.32: Left: correspondence between the depletion voltage of the gain layer V%
and VgL extracted from Rp and C'p measurements respectively, for a FBK-UFSD2-W1
sensor irradiated with neutrons to 2 - 10" n,,/cm?. Right: correspondence between
the gain layer profile and its depletion point from Rp curve.
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1/CA2(V) and Rp(V) curves of FBK UFSD2 LGADs irradiated with neutrons
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Figure 7.33: Rp(V) and 1/C%(V) curves of FBK-UFSD2-W1 sensors irradiated with

neutrons to fluences 0.2, 0.8 and 3-10% n.,/cm?. Measurements at room temperature.

Figure 7.34 shows acceptor removal curves on twenty different types of gain lay-
ers, irradiated with neutron up to a fluence of 1.5 - 10" n,,/cm?, acceptor removal
coefficients are reported in table 7.4. From exponential fits to the data it can be seen
that the gain layers enriched with carbon (red and green data) are more radiation
hard than not enriched ones (blue data). It is interesting to note how the radiation
resistance does not improve by increasing the carbon dose: sensors enriched with
carbon doses B,C and D (green data) have acceptor removal rates faster than those
enriched with dose A (red data).

From data, the FBK-B LD+C-A gain layer design is the most radiation hard;
to a fluence of 1.5 - 10* ng,/em? still has the 80% of active gain layer. The carbon
enrichment (dose A) doubles the radiation resistance of a gain layer. Figure 7.35
shows a comparison between two gain layers with same initial acceptor density, but
that differ in the presence of carbon: the FBK-UFSD2 W1 without carbon keeps

the 80% of active gain layer to a fluence of ~ 7 - 10 n,,/cm?, this fluence doubles
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(~ 1.5-10") for the FBK-UFSD2 W5 enriched with carbon dose A.
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Figure 7.34: Fraction of still active gain layer as a function of neutron fluence for
twenty different types of gain layers. Gain layers enriched with carbon (red and
green), and without carbon with boron (blue) and gallium (gold) dopants. The lines
are the acceptor removal fits; the equations of these fits are reported next to the
legend of gain layer types.
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Figure 7.35: Comparison between acceptor removal curves of gain layers B LD+C-A
(FBK-UFSD3-W5) and B LD (FBK-UFSD3-W1).
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Finally, a last interesting conclusion from figure 7.34, the gain layers with gallium
dopant (gold data) are no more radiation resistant than those with boron dopant
(blue data).

To complete the acceptor removal studies, sensors irradiated with protons at three
different energies, 23, 70 and 24 - 10> MeV/c have been characterized (see table 7.6).
Figure 7.36 reports the acceptor removal measurements on two gain layer categories,
on top those without carbon, while on bottom those carbonated. These two plots show
that less energetic 23 MeV/c protons (grey data) cause faster acceptor removal than
the more energetic ones (orange and violet data). This result suggests a relationship
between the acceptor removal mechanism and the energy of the irradiation particles,
in this case, protons. Figure 7.37 shows more explicitly this relationship: the acceptor
removal coefficients for two type of gain layers, B HD+C-A (green) and B LD+C-A
(grey), have been plotted as a function of the proton energy; instead, the two dashed
lines indicate the respective values of ¢ coefficients for neutrons. The acceptor removal
rate decreases for high energy protons; for energies above ~ GeV/c is approximately
the same one caused by 1 MeV neutron equivalent. The dependence of the acceptor
removal rate from protons energy is probably due to the stronger electromagnetic
interaction that the less energetic protons have with the atoms of the silicon lattice,
compared to more energetic ones.

The acceptor removal coefficients of all types gain layers are summarized in table
7.8, where ¢, indicates those for neutron, while ¢, those for proton irradiations. Each
coefficient has been obtained by averaging the active gain layer fraction measurements
over a population of two or more sensors; considering the error on the average and
the uncertainty of our measuring setup, it is possible to attribute approximately 10%

of uncertainty to each coefficient.
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Figure 7.36: Fraction of still active gain layer as a function of the proton fluence
for the carbonated gain layer (top), and not carbonated (bottom). Irradiation with
24 GeV/c protons in violet, 70 MeV/c protons in orange and 23 MeV/c protons in

grey.
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Figure 7.37: Acceptor removal coefficients as a function of protons energy for B
HD+C-A gain layer (FBK-UFSD2-W6) in green, and B LD+C-A gain layer (FBK-
UFSD3-W5) in grey.

Gain layer Wafer ¢ (1016 cm?) ¢p [1071% em?]
Type P23 Mev/c | P10 MeV/c | P24 GeV/ec
WlrBk—_UFsD2 4.70 12.69
B LD Wlrk—_UFsp3 3.85 6.91
W2pBK-UFsD3 3.79
W4FBK—UFSD3 1.45 6.15 3.14
BLDHCA L s vrsps 1.57 6.24
B LD+C-B WTrBK—UFSD3 2.48
B LD+C-C WI9rBK—_UFSD3 2.76
B LD+C-D Wllrsrk_uFrsps3 3.51
W8rBK_UFSD2 5.40 14.87
B HD W12rBKk_UFSD3 4.26
W13rprk_-UFrsps3 4.47
Worsrk_ursp2 2.35 6.93 2.25
B HD+C-A W1l4rerk_UFsDs3 3.21
W1brerk-UFsp3 3.93
B HD+C-B W18FrBK_UFSD3 2.48
B HD+C-C W20rBKrk—_UFsD3 2.76
Ca Wldrpk_uFsp 7.10 8.35
W18rpKr-UuFsp2 7.19
Ga+C-A W1brrk—_UuFsp2 3.76 3.91
Type 3.1 W8HPK—EXX28995 5.74 15.12
Type 3.2 | W18upx - Exx28995 4.18

Table 7.8: Compilation of the acceptor removal coefficients for neutron ¢, and proton
¢, irradiation. The error on these coefficients has been estimated to be 10%.
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The NIEL factor of protons can be extracted from the proton acceptor removal
coefficients. Applying the NIEL to the acceptor removal curve means multiplying
the axis of fluence by the NIEL value. For example, figure 7.38 shows two acceptor
removal curves of the same type of gain layer (B HD+C-A) with and without the
NIEL factor applied. Considering the NIEL factor, the acceptor removal equation for

protons can be written as

NA(Cbp) _ NA(O)G_Cp¢p — NA(O)G—cneq.NIEL.qﬁp — NA(())e—cnquﬁneq’ (76)

where the fluence in neutron equivalent is ¢,,, = NIEL - ¢,. From equation 7.6 it is
possible to obtain the NIEL value as the ratio between the ¢ coefficient for protons

and neutrons (NIEL = c,/cy,,).

FBK UFSD2 W6 gain layer B HD + C_A - Initial acceptor removal - Protons
23MeV/c

NIEL
Fluence in n,,/cm?

{

ke A No NIEL
04
° No NIEL ANIEL

03 | Fluence in proton/cm?

0 i 1 i i i - | 1 1 1 i 1 PR i 1 i i i - |
1E+13 1E+14 1E+15 1E+16
Fluence [particle/cm”2]

Figure 7.38: Effect of NIEL factor applied to acceptor removal curve of a B HD+C-A
gain layer (FBK-UFSD2-W6).

Table 7.9 reports the NIEL values obtained from acceptor removal rates for the
protons energy 23, 70 and 24-10% MeV/c. In figure 7.39, these NIEL values have been

compared with those tabulated in literature [42] and with those of the irradiation
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facilities (table 7.5). NIEL measured from acceptor removal is higher than NIEL

tabulated in literature.

Gain layer Wafer NIEL = ¢,/c,
Type P23 MeV/e | P70 MeV/e | P24 GeV/e
Wlrpk-vrsp2 2.7
B LD
Wlrpk-ursp3 1.79
W4FBK—UFSD3 4.24 2.17
B LD+C-A
WorBrk—UFsD3 3.98
B HD W8rBK_UFSD2 2.75
B HD+C-A Wbrek_vUrsps 2.95 0.96
Ga W14FBK7UFSD2 1.18
G&+C—A W15FBK7UFSD2 1.04
Type 3.1 | W8upk—Exx28995 2.63

Table 7.9: Compilation of the ratio ¢,/c, for three different protons energy 23, 70
and 24 - 103 MeV/c.
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Figure 7.39: NIEL obtained from acceptor removal rate measurements (violet bands),
compared with NIEL values tabulated in the literature (black lines), and with NIEL
values of protons irradiation facilities (red circles), table 7.5.

Parametrization of acceptor removal mechanism

Experimental measurements of acceptor removal rate show a dependence from initial

acceptor density, as mentioned in section 3.3; here a parametrization of this depen-
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dency is proposed [41]. The acceptor removal mechanism is described by this equation

Na(¢) = Na(0)e™, (7.7)

where the acceptor removal coefficient ¢ can be rewritten as ¢y = 1/¢; ¢y is the fluence
needed to reduce the initial doping density N4(0) to 1/e of its initial value. In a
simple model of acceptor removal, the density of initial acceptor atoms deactivated
by radiation is given by the product of the fluence ¢y times the silicon atomic density

ps; times the cross section of impinging particle to deactivate an acceptor o 4.

(1= INA(0) = Gopsicace (79

where pg; = 5+ 10?2 em ™. The term o0 4., can be written as the product of the cross
section between radiation and silicon atoms (og;) times the number of the interstitial
generating in the scattering (Np,;) times the probability of capturing an acceptor

( kcap)

O Ace = kcapNIntJSi- (79)

The probability of acceptor capture is influenced by the presence of impurity as
carbon, oxygen, hydrogen, etc.; those might intercept the interstitial atoms before
they reach the acceptors.

Equation 7.8 assumes that each interstitial atom is created near an acceptor,
however, this might not be the case at low acceptor density. Therefore a proximity
function D must be included in equation 7.8. This function describes the probability
that an interstitial atom is located in the vicinity of an acceptor; the analytic form

of this function is not unique, for example

Dn=—— (7.10)
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where Ny, is a fit parameter that indicates the acceptor density at which an interstitial
state has a probability of 0.5 of being in the vicinity of an acceptor, and n is an
exponent that needs to be determined experimentally. Combining equation 7.8 with

equation 7.10 we obtain:

Na(0)

n/3
P5i0 Ace NA(())) ); (7.11)

1
= = ¢y = 0.63
C

where 04.. and N4, are fit parameters. The analytic functions D1, D2 and D3 have
been tried, finding the best agreement between model and experimental data with
n =2 0ae="75-10"22 cm? and Ny, = 2.5-10'%/cm3. Using the three proximity
function (D1, D2 and D3) and the values of fit parameters, the ¢q in equation 7.11
has been plotted and superposed to the experimental data from the literature in figure
7.40. The experimental points of B-neutrons (boron gain layer irradiated with reactor
neutrons) are taken from [40, 63, 64], the B-protons (boron gain layer irradiated with
800 MeV /c protons) from [40, 63, 64], while Ga-neutrons (gallium gain layer irradiated

with reactor neutrons) from [65, 66].

Initial Acceptor Removal coefficient ¢, as a function of initial acceptor density
1.E+17 +B - neutrons
XCNM Ga - neutrons
AB - protons (no NIEL)
— 0.63*rho_A(0)/[N_Si*sigma*D3]

"‘g 1.E+16 -- 0.63*rho_A(0)/[N_Si*sigma*D2]
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Figure 7.40: Parametrization of ¢y from equation 7.11 together with experimental
data from the literature as a function of initial acceptor density. The plot shows the
parametrization of equation 7.11 with and without the effect of the proximity func-
tion. The best agreement with experimental data is obtained with the D2 proximity
function. Figure from [41].
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The effect of the proximity function is more important at low initial acceptor
density, where the overlap probability of interstitial atoms and acceptors is smaller.
It is important to note that the acceptor removal rate depends upon the type of
irradiation (neutrons, protons, etc.), the irradiation energy and the type of acceptor
dopant; however, for lack of experimental, data the parametrization shown in figure
7.40 is a single common fit.

By applying the parametrization in equation 7.11 to the specific case of LGADs, it
is possible having an overall overview of the acceptor removal mechanism on different
types of gain layers. In figure 7.41 the acceptor removal coefficients c,, tabulated
in table 7.8, have been plotted as a function of the initial acceptor density N4(0),
in a density range from 1 - 10%/em3 to 1 - 10'"/em3. The N4(0) values plotted
are the amplitudes of the peak of the gain layer implant profiles obtained from CV
measurements; for each type of gain layer, the initial acceptor density is averaged

over measurement on several sensors.
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Figure 7.41: Acceptor removal coefficients tabulated in table 7.8 as a function of
acceptor removal density. Gain layer with boron dopant in blues, gallium in gold,
enriched with carbon dose A in red, and enriched with carbon doses B, C and D in
green.
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From the data shown in figure 7.41, it is clear that there are three main families
of gain layers (blue, red and green markers), which are related to as many initial
acceptor removal parametrizations (black dashed lines). Gain layers with ¢ coefficients
on the same parametrization have the same radiation resistance, and their acceptor
removal rate varies only for a different initial acceptor density; vice versa, belonging
to different parametrizations implies a different radiation resistance, probably due to
different mechanism of acceptor removal.

Four important consideration on experimental data in figure 7.41: (i) gain layer
with boron dopant (FBK-B HD/LD, HPK-Type 3.1/3.2), indicated with blue mark-
ers, have the same radiation resistance (same acceptor removal parametrization); (ii)
gain layers with gallium dopant (gold markers) have the same radiation resistance
than those with boron; (iii) gain layers enriched with carbon dose A (red markers)
follows a different acceptor removal parametrization than the not enriched ones; fi-
nally, an unexpected result, (iv) gain layers enriched with carbon doses B, C and
D (green markers) do not follow the parametrization of those enriched with carbon
dose A. Table 7.10 reports the numerical values of the parameters used in the three

different parametrizations No Carbon, Carbon-A and CarbonB,C,D plotted in figure

7.41.
Parametrization | pg;[em™] | oac[cm?] | Na,[em™] | Free parameter
No Carbon 0.85
Carbon-A 5-102 | 75-107%2 | 2.5-10% 2.05
Carbon-B,C,D 1.5

Table 7.10: Numerical values of the parameters used in the No Carbon, Carbon-A
and CarbonB,C,D parametrizations in figure 7.41.

In conclusion, gain layers with co-implantation of carbon have a higher intrinsic
radiation resistance than gain layer without carbon. Increasing the carbon dose the
radiation resistance does not improve, but rather worsens compared to the gain layers

enriched with carbon dose A; this unexpected effect is still not understood and needs
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more studies. Finally, the gallium dopant shows the same intrinsic radiation hardness

of boron.

7.3.4  Acceptor creation and charge collection efficiency in PiN diode, 50 um thick,

irradiated with neutrons

Two effects that radiation has on the bulk of the sensors, in addition to the increase
of the leakage current, are the acceptor creation and decrease of the CCE.

The acceptor creation (sections 3.3 and 4.8.2) has been studied on FBK-UFSD2
devices without gain, with an active area of 1 mm? and an active thickness of ~ 50um.
The acceptor density created with the irradiation can be estimated from the full

depletion voltage Vip of the device

_ 2e5iVrp

N
A qd2 ?

(7.12)

where d is the active thickness of the device. The experimental technique chosen to
extract the full depletion voltage of the device is the front-TCT equipped with IR
laser. The number of charges created shooting the laser and collected in the depleted
region of the sensor increases as the external bias voltage increases, and becomes
constant when the depletion voltage is reached. Figure 7.42 (left) shows an example
of CC measurement as a function of external bias voltage, in a PiN device irradiated
to a fluence of 1.5 - 10" n,,/em?. From the change of slope in the CC curve, the
full depletion voltage of the device is clearly distinguished. The collected charge is
proportional to the depleted thickness in the device, which in turn it is proportional
to the square root of the external bias voltage (equation 7.12); then the full depletion
voltage of the device can be obtained from the intercept on two linear fits on CC(v/V)
curve, made before and after its change of slope, as shown in figure 7.42 (right).

Figure 7.43 shows the CC curves, as a function of the bias voltage, measured on
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Figure 7.42: Collected charge measurement (I' ~ —20 °C) on a FBK-UFSD2 PiN
diode irradiated with neutrons to a fluence of 1.5 - 10* n.,/cm?. On the left, the
CC as a function of external bias voltage. On the right, the CC as a function of the
square root of the external bias voltage; in this plot, the two black lines represent the
linear fits used to extract the full depletion voltage of the device.

not irradiated (black) and irradiated PiN diodes with fluences from 8 - 10 n.,/cm?
to 1-10' n.,/em?. These measurements have been performed at a temperature of
—20 °C to keep as low as possible the bulk leakage current. All CC curves have been
normalized to the voltage value of 400 V. These measurements have been performed
with two different laser intensities, in order to exclude any dependence on the number

of generated charges.
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Figure 7.43: Collected charge as a function of external bias voltage measured, at a
temperature of 7'~ —20 °C', on FBK-UFSD2 PiN diodes irradiated with neutron up
to a fluence of 1-10' n,,/cm?.
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Table 7.11 reports the full depletion voltage values measured on the irradiated

PiN diode.

_y Full depletion voltage |V
Irradiation fluence [rey/cm”] Laser intensity 1 | Laser int[en]sity 2
0 5.3 6

810" 71.6 69.5
1.5-10% 111.8 112.3
3-10% 205.1 194.9
6-10% 258.6
1-10'6 294.4 337.4

Table 7.11: Full depletion voltage values of irradiated PiN diodes.

The Acceptor concentration obtained from CC curves has been plotted as a func-
tion of the irradiation fluence, in figure 7.44. The data, for both laser intensities, are
in good agreement with the acceptor creation model up to fluence 3-6 - 10 n,,/cm?,
while they show a clear saturation effect above 6-10' n.,/cm?. The two dashed lines
in figure 7.44 represent the acceptor creation model with a 2% and 3% growth of the

concentration of acceptors, with the irradiation fluence.

Acceptor creation in 50um thick float zone bulk irradiated with neutrons
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Figure 7.44: Bulk acceptor concentration as a function of neutron irradiation fluence,
measured using two different laser intensity. The dashed lines represent the acceptor
creation model with a 2% and 3% growth of the acceptor density with the fluence.
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The CCE in irradiated sensors is an effect closely correlated to the acceptor cre-
ation in the bulk. At irradiation fluences high enough the deep traps created act as
acceptors, and they can trap the charges created by the passage of a particle before
they are collected by the sensor electrodes. As a result, the number of charges col-
lected by the electrodes in an unirradiated sensor is larger than those collected in an
irradiated one. The CCE measurements have been performed on the same devices
used for the acceptor creation study. Using front-TCT setup with IR laser, measure-
ments at three different laser intensities equal to ~ 4, ~ 11 and ~ 24 MIPs have
been performed. Figure 7.45 shows the CCE measurement as a function of irradia-
tion fluence: the black markers represent the weighted average of the measurements
performed at the three different laser intensities, while the grey band indicates the
maximum uncertainty band of these measurements. All the CCE measurements have
been performed on fully depleted sensors, at a bias voltage of 350 V. This plot shows
that the CCE decreases up to a fluence of ~ 310" n,,/cm?, while for higher fluences

it seems to be saturated to a value of ~ 70%.

Charge collection efficiency in Float Zone PiN diodes 50um thick - Room
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Figure 7.45: Charge collection efficiency as a function of neutron irradiation fluence
for 50 wm FBK-UFSD2 PiN diodes.
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In conclusion, the saturation effects observed in acceptor creation and CCE, in
50 wm thick PiN diode irradiated with fluence above 3 - 10 n,,/cm?, are unforeseen
effects that need to be investigated in future studies. These saturation effects could

extend the maximum fluence up to which devices of 50 um thick can operate.

7.3.5 Measurement of the gain due to gain layer after a neutron fluence of 0.8, 1.5

and 3 - 10" n,/cm?

Using the TCT setup with IR laser, measurements of gain as a function of the bias
voltage have been performed on irradiated sensors. The gain has been measured on
FBK-UFSD2 devices with three different types of gain layer, B LD (W1), B HD (W8)
and B HD+C-A (W6), irradiated with neutrons at fluences of 8 - 10!, 1.5 - 10'® and
3. 10 mea/em®  The devices chosen for these measurements are pair PIN-LGAD of

active area 1 mm? shown in figure 7.46.

Figure 7.46: Example of FBK-UFSD2 PiN-LGAD device used for the gain measure-
ments. Each sensor is 1 mm? wide and 50 pum thick.

The gain value is obtained as the ratio between the charge collected in an LGAD
and in a PiN diode irradiated at the same fluence (see section 6.2); since both devices
are irradiated at the same fluence, the effect of CCE discussed in the previous section
is not included in this measurement. The results of gain measurements are shown in

figure 7.47: the plot on the top left shows the curves of gain on the three types of gain
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layers before irradiation, while the three other plots show the gain normalized to the
respective unirradiated gain at the bias of 150 V. As expected from acceptor removal
measurements the gain layer enriched with carbon is the more radiation resistant.
After a fluence of 8-10' n,,/cm? the measured gain at a bias voltage of 500 V is the
same one measured in not irradiated device at 150 V. Moreover, this device is the

only one among the three that still has gain at a fluence of 3 - 10 n,,/cm?.
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Figure 7.47: Top left plot: gain curves before irradiation. Following 3 plots for gain
layer types B LD (W1), B HD (W8) and B HD+C-A (W6). The plots show the
fraction of gain at 3 fluences, normalized to each respective gain at a bias voltage of
150 V.

7.4 Time resolution

Several beam tests have been performed, on UFSD sensors manufactured by FBK
and HPK, at CERN and Fermilab facilities with the goal to measure their time
performances. In this section, the most relevant results obtained during beam test
campaigns are shown.

The beam test setup usually consists of one or more UFSD planes coupled to a
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fast trigger (SiPM or UFSD); more detail on CERN and Fermilab beam test setup
can be found in [67] and [68], respectively. The sensors under test are glued and wire-
bonded on three different types of read-out board: the one developed in Turin shown
in figure 6.12, a single channel board developed at the University of California Santa
Cruz (UCSC) [67], and a multi-channels board developed at the Fermilab laboratory.
The output signal from these boards is usually amplified by a current amplifier with
gain 20 dB or 40 dB, and acquired using oscilloscopes with a horizontal sampling
of 20 GSample/s or 40 GSample/s. Figure 7.48 (left) shown an example of beam
test frame with four UFSD planes and the fifth plane as trigger consisting of a SiPM
sensor; while on the right, typical UFSD signals acquired during a beam test at CERN
HS site with m-mesons with a momentum of 180 GeV//c are shown. The UFSD signals
shown are very fast (width of ~ 2 ns and rise time < 1 ns) with low noise, ideal for
timing studies. Using this type of setup the time resolution is usually measured from

the time difference between the trigger signal and the UFSD signal, as described in

section 6.2.

Telescope frame

Time [2ns/div]

Figure 7.48: Left: picture of a frame with four UFSD planes and the fifth plane as
trigger. Right: typical UFSD signals acquired during a beam test at CERN HS site,
with 7m-mesons with a momentum of 180 GeVl//c. Figure from [67].

Figure 7.49 shows time resolutions measured on HPK-ECX20840-W10 (top) and
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FBK-UFSFD2-W6 (bottom) UFSD devices, new and irradiated with neutrons to
fluences of 0.6, 1 and 3 - 10" n,,/cm?®. The time resolution decreases as the bias
increases and falls below the 40 ps value for new and irradiated sensors to the two lower
fluences, while it falls below the 50 ps value for those irradiated to 3 - 10 n,,/cm?.
These results meet the CMS time resolution request for ETL sensors, which is a time
resolution in the interval 30-40 ps throughout the HL-LHC lifetime, to degrade to

40-50 ps at a fluence of 3 - 10" n.,/cm? ([3], chapter 3).
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Figure 7.49: Time resolutions of HPK-ECX20840-W10 (top) and FBK-UFSD2-W6
(bottom) UFSDs, new and irradiated with neutrons to fluences of 0.6, 1 and 3 -
10" ne,/cm?. Figure from [3].
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7.4.1 Unusual effects on time resolution measurements

Three unusual effects that lead to a worsening of the time resolution have been ob-
served. The first two, called "metal effect” and "hole effect”, occur in devices without
metal cover on the nt* electrode; the third one is due to particle ionization (see sec-
tion 3.1).

Metal effect occurs in sensors with an optical window. The Time of Arrival (ToA)
of the signal generated in the middle of the optical window is delayed compared to
those generated close to or underneath the metal cover. Figure 7.50 shows a 2D map,
performed with the TCT setup, of the ToA of the signal related to the generation
position on the optical window; the trigger signal generated by the laser controller

was taken as a time reference to measure the ToA of the signal. The 2D map has

been performed on a FBK-UFSD2-W1 4 mm? sensor, using x-y steps of 40 pm.

FBK-UFSD2-W1 4 mm? Time of Arrival (CFD 20%) VS x-y
= 40 3005

@

bin y (1bin=40ul
| )
n
3

[
30 35
bin x (1bin=40um)

Figure 7.50: 2D map of the time of arrival of the signal, shooting an IR laser on the
optical window of a FBK-UFSD2-W1 4 mm? sensor. The map was obtained with x-y
steps of 40 um.

The ToA of the signal decreases moving from the center to the periphery of the
optical window. Figure 7.51 shows the ToA projection along x-direction of the 2D
map crossing the center of the sensor; each measurement has been obtained as an

average of hundred signals. From this ToA profile a maximum, time difference of

206



~ 100 ps has been measured from the center to the periphery of the metal opening.
The metal effect has also been observed during beam tests at Fermilab, where a
tracker with a spatial resolution between 20 um and 50 um is available. This effect

does not occur in fully metallized devices.

FBK-UFSD2-W1 4 mm? Time of Arrival (CFD 20 %) VS x

ToA (ps)

260 —

240

120— e e b e Lo Loy
0 5 10 15 20 25 30 35

bin X (1bin=40um)

Figure 7.51: ToA projection along the x-axis of the 2D map in figure 7.50, crossing
the center of the sensor.

Hole effect refers to the fact that UFSD sensors with surface metallization show
a difference in gain between metallized and not metallized region, spoiling the uni-
formity and the time resolution of the sensors. This effect has been observed for
the first time during beam tests at Fermilab National Laboratory: a gain variation
of 10% (before irradiation) in [69] and of 50% (after irradiation) in [68] has been
measured, worsening the time resolution of dozens of ps. Several TCT measurements
campaign has been performed in laboratory reproducing this effect and validating
the results obtained during the beam tests; a detailed discussion about these TCT
measurements can be found in [58]. The results obtained during beam tests and with
TCT measurements led the foundries to produce fully metallized sensors.

Metal and Hole effects have no a simple explanation: a hypothesis is that the

created charges are initially collected by the n™ electrode and in a second time have
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to move towards the metallic contact; if the no metal region has a slight different
resistivity compared to the metal one, then the charges created in these different
regions can acquire different group velocities leading to a different time of arrival and
maybe to different gain.

The third unusual effect on the time resolution is due to the particle ionization
process. The sensor on which this effect has been studied is a HPK-Type 3.1 4x4
array, with pads of active area 1 x 3 mm?2. This sensor has been tested during a beam
test at Fermilab. Figure 7.52 (left) shows the signal amplitude distribution acquired
at 210 V of bias; as expected this distribution has the typical Landau distribution
due to the ionization mechanism discussed in section 3.1. The amplitude distribution
has been divided into three ranges in order to study the effect of ionization on time
resolution. All time resolution measurements shown below have been obtained with
CFD20% technique. The relationship between time resolution and ionization is shown

in figure 7.52 (right).

Signal amplitude distribution of a HPK- Time resolution VS mean signal amplitude for a
Type3.1 UFSD - Not Irradiated — Bias=210V HPK-Type3.1 UFSD - Not Irradiated — Bias=210V
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Figure 7.52: Left: Signal amplitude distribution for a HPK-Type 3.1 4x4 array at
bias 210 V. The three colored frames represent the three regions of the distribution
where the time resolution has been studied. Right: relationship between the time
resolution and signal amplitude.

The time resolution for the first two range of landau distribution has values be-

tween 25 ps and 30 ps. In the last range of the distribution, the signals have large
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amplitudes and rise times due to secondary ionizations, which cause a worsening of
time resolution. On this sensor the time resolution has been measured at four bias
voltages (175, 185, 205 and 210 V') showing the same dependency from the ionization;
the results are plotted in figure 7.53.

From these data, it is clear that the time resolution does not only depend on
the absolute value of the signal amplitude, but rather from the combination of gain
and ionization. Groups of signal with the same average amplitude but different gain
(different external bias) have a different time resolution. This analysis has been
performed using different CFD threshold obtaining similar results. In conclusion,
the relationship between time resolution and the combination of ionization and gain
demonstrates a correlation between the time walk and landau terms discussed in

section 4.2.
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Figure 7.53: Relationship between time resolution and signal amplitude at different
bias voltages.
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7.5 Yield and uniformity of UFSD productions

The UFSD productions for the timing layer of ATLAS and CMS experiments at HL-
LHC must satisfy the requirements of high yield and uniformity. The dimension of the
final sensors for the timing layer of these two experiments will be larger than all the
devices characterized in this chapter: they will have 30x15 (ATLAS) or 32x 16 (CMS)
pads of active area 1.3 x 1.3 mm?2. Therefore, it is fundamental that the yield and
uniformity of production are as high as possible, i.e. the working properties of each
sensor and each pad must be as similar as possible. Characterization measurements
on several wafers from FBK-UFSDF3 and HPK-EXX28995 productions have been
performed, aiming at studying the yield of the sensors and the uniformity of the
implanted doping concentration in the gain layer. The types of characterizations

used for these studies are the IV and CV curves.

7.5.1 Yield and leakage current uniformity

The devices selected for the yield and leakage current uniformity studies have two
different layouts, shown in figure 7.54. The first type of sensor has 96 pads with
active area 1 x 3 mm? each, arranged in an array of 4x24 pad, for a total size of
1.3 x 2.5 em?. The second type is a 5x5 pad array, with full size 0.75 x 0.75 em?, the
single pad has an active area of 1.3 x 1.3 mm?. These devices represent an important
R&D step towards the future production of full size ETL sensors; they allow us
to evaluate the yield and the quality of two UFSD productions (FBK-UFSD3 and
HPK-EXX28995), with a large number of identical multi-pad sensors.

The characterization of these devices consists of performing an IV measurement on
each pad that composes the device. The BD voltage and leakage current uniformity
are used as quality indexes of the wafers production. The measurement setup used

consists of a multi-needle probe card connected via a switching matrix to the IV
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Figure 7.54: Layout of the sensors for the yield and leakage current uniformity tests
on UFSD productions. On the left the array 4x24 sensor, on the right the array 5x5

Sensor.

setup.

The following guidelines have been adopted to classify the pads under test:

e Good pad: leakage current within 10 times the mode current;

e Warm pad: leakage current above 10 times the mode current;

e Bad pad: the pad does not reach the required minimum voltage, sending the

device in early BD.

A total of 152 FBK array 4x24 sensors (14592 pads), 23 FBK array 5x5 sensors

(575 pads), and 16 HPK array 4x24 sensors (1536 pads) have been tested. Table 7.12

reports the results of these tests.

Foundries | Sensor type | # Sensors tested | # Warm pads | # Bad pads | Analysis bias [V]
FBK array 4x24 152 14(0.1%) 0 100
FBK array bx5H 23 4(0.7%) 0 300
HPK array 4x24 15 20(1.3%) 0 230

Table 7.12: Summary of yield and leakage current uniformity studies on FBK and
HPK production.

The FBK array 4x24 sensors have a percentage of warm pads of ~ 0.1%. upon

further inspection into the origin of these warm pads, it can be seen that they are
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concentrated in the wafers with higher gain, namely not carbon enriched and with
carbon dose A. Considering only this group of wafers, a warm pads percentage of
about ~ 0.2% was found. A complete report on this testing campaign is reported in
[70]. The FBK 5x5 arrays have a warm pad rate of ~ 0.7%. The HPK 4x24 arrays
have a warm pads percentage of ~ 1.3%; of the 16 HPK devices tested, one was not
considered in this analysis because it has a bad pad and it cannot be biased above
30 V. Optical inspection of this device revealed an obvious surface defect near the
bad pad. Figure 7.55 shows an example of leakage current uniformity measurement
performed on a HPK 4x24 array sensor biased at 230 V', just below the BD voltage
(~ 250 V'): this measurement shows low leakage current in the entire sensor and one

warm pad with a larger but still acceptable current.

CMS LG 4x2 '95'500'P2 (230 V] Current Distrubution CMS_LG_4X24-95—500'P2 (230 V}
- - 107
30
E Good pads: 95
25 1
Warm pads: 1

7 Bad pads: 0
1078 -

pad row index

04 06
Current [A] le-8

- 1077

Leakage Current/mm™2 (A/mm~2)

BD Voltage ~ 240/250 V

lo— 10

0123
pad column index

Figure 7.55: Left: map of the leakage current in a HPK array 4x24 sensor, biased at
230 V' (BD voltage ~ 250 V). Right: leakage current distribution, where it is possible
to notice the presence of a warm pad (red circle).

It is important to notice that the analysis of the two types of FBK devices has

been performed at different bias voltages, as reported in the last column of table

212



7.12. The 4x24 devices suffer of earlier BD caused by the fact that many pads were
not connected during testing. Since the test system used (probe card and switching
matrix) has a limited number of channels (up to 40 channels). These floating pads
cause a lowering of BD voltage. In the FBK devices, the decrease of BD voltage is
very significant and it is of about 100 V', while in HPK sensors it is only a few dozen
Volts, therefore less problematic. This effect is thought to be a consequence of the
pad termination layout typology. Figure 7.56 shows this effect on a FBK 5x5 array,
starting from a configuration with all pads connected to ground, the pads have been
progressively floated: the device initially has a BD voltage of 350 V' while this value
drops disconnecting even one pad. The BD voltage stabilizes at about 150 V' in a
condition with only 4 pads connected out of 25. This effect could be dramatic for
the ETL modules, as even a single pad not connected to the readout electronic lower
significantly the BD voltage. For this reason, this anomalous behaviour has been

studied in an internal FBK production, not object of this Ph.D. thesis.

-3.50E-04 - FBK UFSD3 Wafer7 array 5x5 - Total leakage current
From 22 to 0 pads grounded
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Figure 7.56: Total leakage currents on a FBK array 5x5 sensors of the wafer 7-
UFSD3, in a condition of progressive disconnection of the pads from the ground. The
drop in the BD voltage is remarkable even by disconnecting a single pad.
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In conclusion to this study, it is possible to claim that large area UFSDs pro-
duced by the two foundries FBK and HPK have a very good overall leakage current

uniformity and yield.

7.5.2  Gain uniformity study

Another important requirement for the UFSD productions of ATLAS and CMS is
a good uniformity of gain, to have devices with behaviour as similar as possible to
each other. Not uniformity of the gain layer implant generates not uniformity of
device performances. The information of the gain layer implant uniformity can be
obtained from CV measurements: the spread of the V5 gives a direct measurement
of the variation of the implanted doses in the gain layers (see equation 6.3). Using
this measurement methodology, in this section the not uniformity of the gain layers
implanted by FBK and HPK will be evaluated. The uniformity studies have been
performed on wafers 3 and 4 of FKB-UFSD3 production and on wafers 2 and 4 of
HPK-EXX28995 one, these pairs of wafers are identical. The sensors characterized
have been selected on an area covering about half of the total wafer area, assuring
a good coverage. In addition, the measurements performed on each wafer have been
compared with those obtained on the twin one, in order to study the not uniformities
of the productions. In figure 7.58, the regions on FBK and HPK wafers covered by
these studies are surrounded by a red frame: on the left the wafer layout of the FBK
production, while on the right the wafer layout of the HPK one.

A total number of 13 2x2 array sensors (one pad for each sensor) have been
characterized on each FBK wafers, while a total one of 48 pads distributed on single
pad sensors, 2x2, and 4x24 array have been characterized on HPK wafers. Figure
7.58 reports all the CV curves performed on the HPK wafer 4 (top) and on the FBK
wafer 3 (bottom), from which it is possible to appreciate the spread of the Vgy.

The results of the analysis are summarized in table 7.13. The FBK wafers 3 and 4
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have a percentage of not uniformity of the gain layer depletion voltage ((Varmaez —
Vermin)/Varmean) of ~ 1.9% and ~ 2.2%, respectively; the HPK wafers 2 and 4
show a not uniformity of ~ 2.4% and ~ 3.2%. In addition, for both foundries it is
possible to estimate the not uniformity of the UFSD productions by comparing the
CV measurements performed on both pairs of wafers: in the HPK production, a total

not uniformity of ~ 3.7% has been measured; in the FBK production a total one of

~ 2.5%.
FBK UFSD3 wafer layout HPK EXX28995 wafer layout
n
+ N Wafer area
B E under
E_sciEc s characterization / e

A AR
R e i

Figure 7.57: Layouts of wafers for gain uniformity study on UFSD productions FBK-
UFSD3 (on the left) and HPK-EXX28995-Type3.1 (on the right); surrounded in red
the wafer areas under characterization.

Foundries Production Wafer | Vormar — Vormin [V] | AVar/Varmean [%]
3 0.48 ~ 22
FBK UFSD3 4 0.42 ~19
3 0.98 ~ 24
HPK | EXX28995-Type3.l | 1.30 ~ 3.2

Table 7.13: Summary of gain layer uniformity studies in FBK and HPK production.

Upon a further inspection into the CV curves in figure 7.58 a correlation between
the position of the sensor on the wafer and its Vi;; has been found. For FBK wafers,
the not uniformity slightly increases from the centre to the top periphery of the

wafer, where the depletion voltage of the gain layer is larger. Instead about the HPK
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wafers, the not uniformity increases from top to bottom of the wafer and vice versa:
the depletion voltage of the gain layer is always higher for the sensors located at the

bottom of the wafer than those in the top.
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Figure 7.58: CV measurements on 1 x 3 mm? pads from HPK-EXX28995-Type 3.1
wafer 4 (top) and FBK-UFSD3 wafer 3 (bottom). On the left, two zooms on CVs
knee show the uniformity of the gain layer implant.

To complete these studies of uniformity, it is interesting to quantify the effect of
the not uniformity of the gain layer implant on the gain value. This analysis has been
performed on four single pad devices 1 x 3 mm? from wafer 1 and 8 of the HPK-
EXX28995-Type 3.1 production. The CV measurements of these devices, in figure
7.59 (top), show the spread in the depletion voltage of the gain layer, indicating a
gain layer doping concentration spread of ~ 2.5%. On the bottom of figure 7.59, the
measurements of the collected charge performed with the TCT technique are shown.
The collected charge is higher for the device with higher depletion voltage of the
gain layer, as expected. A bias increment of ~ 30 V' is required to collect the same

amount of charge in the UFSD with a lower gain dose compared to the higher one.
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This indicates that ~ 12V is needed to compensate 1% in doping variation.
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Figure 7.59: Evaluation of the not uniformity gain layer implant from CV measure-
ments on the amount collected charge. On the top, the CV curves on 1 x 3 mm?
single pad devices under test, from wafer 1 and 8 of HPK-EXX28995-Type 3.1 pro-
duction. On the bottom, the respective collected charge measurements as a function
of external bias voltage.

From the collected charge measurements just discussed, it is possible to extract
the fraction of the collected charge (CC/CC,.; at fixed bias) as a function of the
fraction of gain layer doping (Vir/Varrer). This analysis, in figure 7.60 shows that,
in this case of study, at a fixed voltage bias value of 200 V a variation in gain layer
doping concentration of 1% causes a variation in the collected charge of ~ 20%; similar

results have been obtained at other bias voltage values. The data in figure 7.60 have
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been compared with WF2 simulations of a UFSDs with an active thickness of 45 um
and gain layer types HPK-type 3.2 and FBK-B LD. The simulation of both types
of devices has been performed at a fixed bias voltage of 150 V' and normalized to a
collected charge value of 5.5 fC. Figure 7.61 shows a very good agreement between

simulation results and experimental data.
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Figure 7.60: Impact of the fraction of the gain layer doping on the fraction of collected
charge in HPK devices with gain layer Type 3.1 and bulk thickness of ~ 45 pum, at
200 V of external bias.
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Figure 7.61: Fraction of collected charge variation, comparison between measurements
on HPK-Type 3.1 and WF2 simulations on FBK-B LD and HPK-Type 3.2 45 um
thick sensors.
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Chapter 8

Conclusions

This Ph.D. thesis is focused on the study and characterization of UFSD sensors.
The UFSDs are innovative silicon sensors, based on LGAD technology, optimized to
achieve a time resolution of 30 ps and a spatial resolution of 10s um exploiting a
moderate internal gain (~ 20) and an active thickness of ~ 50 pm. Moreover, recent
radiation hardness studies proved the possibility to use these sensors up to irradiation
fluence of 3 - 10 n.,/cm?.

The UFSD technology, thanks to its excellent time resolution and radiation hard-
ness, has been chosen to instrument the endcap regions of the Minimum Ionizing Par-
ticle Timing Detector (MTD) of the CMS experiment at High Luminosity LHC. The
CMS experiment, thanks to the MTD, will be able to maintain its current resolution,
reconstruction efficiency, and background rejection also in the HL-LHC environment.

In this thesis, several studies performed on UFSDs produced by Fondazione Bruno
Kessler (FBK) and Hamamatsu Photonics (HPK) have been reported. In particular,
this work investigates the sensor characteristics required by CMS experiment, such as
the time resolution of 30 ps up to an irradiation fluence of 1.5-10* n,,/cm?, the narrow
inactive area, and uniformity of large area sensors. The UFSDs characterizations
have been performed in the Laboratory of Innovative Silicon Sensors in the Physics
Department of the University and INFN of Turin. The measurements have been
performed with two setups: the probe station for the DC electrical tests, and the
Transient Current Technique Setup (TCT) which exploits the signal induced in the
device by a pulsed laser. Below, the key results obtained during this Ph.D. thesis are

summarized.

e Gain layer design: different gain layer designs, of the UFSD productions by
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FBK and HPK, have been characterized. The acceptor dopants used by FBK
for their gain layers are boron or gallium, enriched or not with carbon; the gain
layer of type gallium is wider than boron one, due to the higher diffusivity of
the gallium in the silicon lattice. The gain layer with boron dopant has been
processed at two different thermal loads, the one processed at lower thermal
load has a narrower and higher profile and higher gain at the same bias voltage
condition. The HPK gain layers are boron type and are deeper than FBK one;
due to the different depth of implant, the HPK gain layers work in lower electric
field regions than FBK ones. The relationship of gain value with gain layer dose
and working temperature have been studied: a 1% variation in gain layer dose
can be compensated with a bias variation of ~ 12 V; while, a 1 °C' variation
can be compensated with a bias variation of ~ 1 V and of ~ 2 V for HPK and

FBK sensors, respectively.

Carbon implantation: the effect of the co-implantation of carbon in the gain
layer has been studied for FBK UFSD2 and UFSD3 productions, in which five
different carbon doses have been implanted. The carbon reduces the active
fraction of the gain layer (carbon-boron capture), reducing the internal gain of
the device. Experimental measurements showed that carbon-boron capture is a

threshold mechanism, which becomes more important for high doses of carbon.

Pad termination: FBK-UFDS3 devices with termination layout Aggressive,
Intermediate, and Safe show early breakdown; this phenomenon has been inves-
tigated mapping the devices with TCT setup, at a value of bias voltage close to
the BD. These maps show an increase of the collected charge in the corners of
the pads, in a region where there are the termination implants. These results
have been confirmed by measurements performed with a CCD camera. early

BD is probably due to a high electric field between JTE and p-stop termina-
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tion. This phenomenon has not been observed in Super-Safe devices and in

HPK sensors.

Pop-corn noise: an unexpected effect called Pop-corn noise has been observed
in FBK-UFSD3 sensors. This effect consists of microdischarges that occur above
a certain value of bias, before the BD. This phenomenon could be caused by the
p-stop too doped and sharp, which generates a p-n junction with the free charges
in the oxide covering the sensor surface. In order to investigate this phenomenon
and the premature BD, an internal FBK production called UFSD3.1 has been

designed.

Inter-pad extension: measurements of the extension of the inter-pad region
have been performed on Aggressive, Intermediate, Safe and Super-Safe FBK
UFSD3 sensors, and on HPK devices with four different termination layouts
(layout factor 95, 70, 50 and 30). These measurements have been performed
with the TCT setup. For FBK sensors have been measured inter-pad distances
of 38.3 um for the Super-Safe layout, 30.4 um for the Safe, 16.7 um for the
Intermediate and 16.4 pum for the Aggressive. The results are in good agreement
with the nominal distance between two neighboring gain layers except for the
Aggressive layout, for which the measurements have been performed a too low
value of bias voltage due to the premature BD. Inter-pad width measurements
have been performed on HPK sensors with four different termination layouts;
inter-pad widths of 130 um, 114 pum, 92 pm, and 72 um have been measured

for the layout factors 95, 70, 50 and 30, respectively.

Trench Isolated-LGADs: the requirement of a fine segmentation in Ultra
Fast Silicon Detectors, for 4D particle tracking applications, led Fondazione
Bruno Kessler to the development of the innovative Trench Isolated-LGADs,

based on trench isolation technology as an alternative to the standard one
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based on Junction Termination Extension and p-stop implants. Preliminary
characterizations on Trench Isolated-LGADs show excellent electrical isolation
between adjacent pads, an inter-pad distance of ~ 7 um has been measured
reducing more than a factor of five the inter-pad extension compared to the
Safe design in UFSD3 and a factor of two compared to the Intermediate and

Aggressive ones.

e Acceptor removal: several irradiation campaigns with neutrons and protons
with different energy (23 MeV/e, 70 MeV/c and 24 GeV/c) have been per-
formed, aiming at studying the acceptor removal mechanism in the gain layer.
From the comparison of CV measurements between new and irradiated sensors
has been possible to estimate the acceptor removal rate for different types of
gain layers, identifying the most radiation hard design. It has been measured
that the gain layer enriched with carbon dose A doubles its radiation resistance.
The B LD+ C-A is the most radiation resistant gain layer, which maintains the
80% of the active fraction of gain at a fluence of 1.5-10' n.,/em?. An acceptor
removal parametrization as a function of the initial acceptor density has been
proposed, with good agreement with the experimental data. The comparison
between data and parametrization shows that: boron and gallium dopants have
the same radiation resistance; the gain layers enriched with carbon doses higher
than dose A worsens the radiation resistance, and the carbon dose A is currently
the dose that maximizes the gain layer radiation hardness. For sensors irradi-
ated with protons, the acceptor removal rate has been measured as a function
of the energy of the protons: the acceptor removal caused by protons of energy
above GeV/c is similar to the same one caused by 1 MeV neutron equivalent,

while the rate is higher for protons at lower energy.

e Acceptor creation and charge collection efficiency: acceptor creation and
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charge collection efficiency measurements have been performed on PiN diodes
irradiated with neutrons up to fluence 1 -10'® n.,/cm?. Experimental data, for

both effect, show a saturation trend above a fluence of 3 - 10*° n.,/cm?.

Time resolution: several beam tests have been performed at CERN and Fer-
milab, aiming at measuring the time resolution of new and irradiated UFSDs.
A time resolution of ~ 30 ps has been measured on sensors irradiated up to
a fluence of 1.5 - 10" n,,/cm?, while a time resolution of ~ 50 ps has been
measured on sensors irradiated to a fluence of 3 - 10" n.,/cm?. These results

meet the CMS time resolution request for ETL sensors.

Production yield: measurements of yield and leakage current uniformity on
UFSD3 production by FBK and on EXX28995 production by HPK have been
performed. For UFSD3 production, the 4x24 array devices have been charac-
terized at FKB, while the 5x5 array devices have been characterized in Torino.
On the 4x24 arrays, maps of leakage current of each sensor have been acquired
selecting the leakage current for each pad at a bias of 100 V; from these maps a
percentage of ~ 0.1% of warm pads, that is pads with a leakage current above
10 times the mode current, has been calculated. Most of these warm pads are
concentrated in wafers with high gain, where the percentage is ~ 0.2%. On the
5x5 arrays, a percentage of warm pads of ~ 0.7% at a bias voltage of 300 V'
has been calculated. For EXX28995 production, the yield measurements have
been performed on the 4x24 array devices showing a percentage of warm pads

of ~ 1.3% at a bias voltage of 230 V.

Gain uniformity: studies of the uniformity of the gain layer implant have been
performed on the UFSD3 and EXX28995 productions. These studies have been
performed on single pad devices, 2x2, and 4x24 arrays. UFSD3 production

shown an overall not uniformity of ~ 2.5%, while EXX28995 production shown
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an overall not uniformity of ~ 3.7%. Concluding these uniformity studies,
the effect of not uniformity of gain layer implant on the gain value has been
quantified: a 1% variation in gain layer doping causes a variation of the 20% of
the collected charge. To compensate a 1% variation in the gain layer doping a

bias variation of ~ 12 V is needed.
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