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Why are we concerned about radiation?

- HEP detectors at collider experiments operate in a high particle flux
environment.

- High luminosity is required to obtain large statistical samples to
characterize rare processes.
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Radiation levels

- Silicon detector are used for vertexing and tracking close to the interaction
point and are exposed to highest particle fluxes.

Example: ATLAS innermost pixel layers
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The fluence and dose distributions for the ATLAS Pixel Detector at the HL-LHC. Left: 1 MeV
neutron equivalent fluence. Right: Total ionising dose. The two plots are normalised to 4000 fb".
No safety factors are taken into account for this Figure. http://cdsweb.cern.ch/record/2285585
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Radiation fields

- The particle flux at (HL-)LHC is made of charged and neutral particles,
gamma and x-rays, neutrons.

. Close to the interaction point the charged hadron component dominates.
- At 5 cm distance from the LHC IP 90:10 pions to neutrons ratio.

- Further out, the neutron component dominates.
- Neutrons occur from backscattering in dense materials in the calorimeter.
- At 30 cm distance from the LHC IP 50:50 pions to neutrons ratio.

ATLAS Inner Tracker Fluences at the HL-LHC
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Radiation damage: Cumulative effects

- Cumulative effects leading to a gradual degradation taking place through
the experiment lifetime: displacement damage and surface damage.

- Displacement damage.
Damage to the silicon crystal by particles impinging on the lattice.

Caused by collisions with the nuclei in the lattice atoms - Non-lonizing Energy
Loss (NIEL).

Creates dislocations of the lattice atoms or more complex distortions of the
crystal lattice.

- Surface damage.
Damage to silicon surfaces and interfaces, esp. Si-SiO,.

lonisation energy loss of impinging radiation.

A device sensitive to bulk or surface damage will exhibit failure in a radiation
environment when the accumulated fluence or Total lonising Dose (TID) has
reached its tolerance limit.



Radiation damage: Single Event Effects

- Single Events Effects (SEE) are due to the energy deposited by one single
particle in a circuit’s sensitive node and they can happen in any moment.

A device sensitive to SEE can exhibit failure at every moment since the
beginning of its operation in a radiation environment.

Not covered in these lectures.




Silicon detectors
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Radiation damage to silicon detectors

. Sensor: - Electronics:

Reverse biased pn-junction. - Design and fabrication in deep-

Charge collection in the sensor submicron CMOS technology.

volume. - Basic building element MOSFET
_ transistor.
>Mostly affected by displacement

Current flowing in conduction
damage, but also surface effects. 9

channel a few nm below the Si-SiO,

interface.
@ | | b [ ponJunction with reverse bias | > Affected by surface effects and
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Source Gate Drain

P-type substrate
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Channel for current flow



- Displacement damage

Fluence = number of particles per cm? traversing a material over a certain
amount of time (typ. the lifetime of the experiment).

For silicon sensors the NIEL displacement damage is normalised to the damage
level caused by 1 MeV neutrons.

Unit for fluence: 1 MeV neutron equivalents per cm? [ne,/cm?].

Surface damage

Total lonising Dose = energy deposited per unit mass of material as a result of
ionisation.

Unit for TID:
Gy =J/Kg
1 Gy =100 rad
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Damage mechanism

- Non-ionising damage results from direct collisions with atomic nuclei of the
crystal lattice.

Coulomb scattering off nuclei for electrons, protons, charged pions.
Elastic and inelastic scattering off nuclei for neutrons.

- Atoms can be knocked-off from their initial position with a certain recoil
energy, Eg.

A vacancy is left behind, the recoil atom looses energy by ionisation and by
creating further displacement damage, until it comes to rest as a lattice
interstitial.

- Vacancies and interstitials in between lattice atoms = primary point
defects.

Many point defects are unstable and will dissolve by recombination.

Since they are mobile in the lattice they can form stable defect complexes with
existing impurities.



Primary displacements in Si

- Nucleons and nuclei produce more cluster defects consisting on many
vacancies and interstitials.

- Max energy transfer in a collision is much higher then the energy to kick-off a
silicon atom from the lattice at 50% probability, i.e. 25eV.

.- Electrons, gamma rays, protons and charged pions create many more point
defects than neutrons.

- Smaller average energy transfer but larger cross-section.
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- Non-ionizing energy loss, NIEL, is the portion of energy lost by a particle
that does not go into ionisation and leads to displacement damage.

This portion depends on the energy if the impinging particle.

lonisation in semiconductors is a reversible process and no damage remains in
the crystal expect in oxides and at interfaces (see “surface damage” later).

Only a fraction of the NIEL leads to displacement damage, part of it leads to
phonon excitations (i.e. vibrational energy) that do not cause any damage.

- NIEL is defined in units of MeV cm?4/g or as a NIEL cross section in units of
MeV mb.

- NIEL can be calculated for electrons, protons, neutron, pions as

- (E) = —D(E)

N, = Avogadro number.

A = atomic mass [g/mol] of the target material.
D(E) = displacement damage function.



Displacement damage function

- D(E) depends on the type and energy of the impinging particle.

Eﬁnax

DEY= ) () | filE Er)P(Er)dEy

i Eq

E,Eg: kinetic energies of the impinging particle and recoil atom resp.

E;: minimum energy required for dislocation damage (in Si E; = 25eV).

i: index running over all occurring reactions with cross section g;.

fi(E,Eg): probability that in reaction i a recoil atom of energy Ej is produced.

P(ER): partition function returning the fraction of energy available for further displacement
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NIEL hypothesis for silicon

Radiation damage effects scale linearly with NIEL and can be traced back to
the initial number of primary defects, irrespective of their distributions in
space and energy.

- The NIEL hypothesis describes well the displacement damage effects
observed in silicon detectors and allows to make predictions of effects of
such damage in radiation fields such as those at HEP collider experiments.

It describes well the evolution of many device parameters with radiation, in
particular the sensor leakage current.

- It has however shortcomings as pointlike and cluster defects contribute
differently to the damage of certain device parameters.

Changes in effective space charge concentration (depends on impurity
concentration), trap introduction rate (particle-type dependent), annealing
effects (not included in NIEL scaling).



NIEL scaling

- Assuming this hypothesis, the observed differences in damage caused by
different type of radiation with different energy can be scaled to each other

using D(E) = NIEL scaling.

- Normalisation factor: damage effect of 1 MeV neutrons - Dg(1MeV) =
95 MeV mb.
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Hardness factor

- Hardness factor k is the ratio of D, for a particle species x with energy E to
neutron damage D,, at 1 MeV:

[o7 Dy (E)p (E)AE

k =

D, (1 MeV) [ ]f;"jlx ¢ (E)dE

It gives a measure of how damaging a certain particle of certain energy is.
For 24 GeV protons, k ~ 0.62, for 25 MeV protons, k =~ 2.0.

- ¢(E) is the fluence, particle of a certain energy E/cm?2.

- The equivalent fluence for T MeV neutrons is the damage-weighted fluence
received by the detector from a particle of a given species and energy.

(.beq:k(p



Consequences of lattice defects in Si

- Lattice defects produced by displacement damage create new energy levels
in the silicon bandgap.

- These can become electrically active, i.e. generate or absorb charge carriers
by transitions to/from conduction and valence band.

- Depending on their location in the band gap they will act as donors or
acceptors and have a different effects on sensor performance.

s 7

Donors/acceptors centres Donor (+) / l

> Change of effective — za(?hpmg centres
doping concentration. Acceptor (-) \ arge trapping.

-

N 7N

Generation-recombination centres
- Increase of leakage current.



Shockley-Read-Hall framework

- The SRH statistics describes the impact of lattice defects on detector
performance.

- The impact of each defect can be calculated by knowing:
The capture cross-section for electrons, o, and holes, o, .

The position of the energy level in the bandgap.
The type of defect (donor, acceptor).
The concentration of defects, N;.

- Three main effects on device performance can be described in the
framework of SRH statistics:

3. Charge trapping.



- In unirradiated silicon the bulk doping determines the effective space
charge density, N,¢;.

p=e(Np — Ny) = eNygfs

- In irradiated sensors, the effective doping concentration changes
depending on the fluence.

Defects can deactivate donor or acceptor atoms, or create new donor or
acceptor levels.

- Nrr is given by the sum of the positively charged donors and negatively

charged acceptors.
Neff: Z (1_ft)Nt_ Z fe N

donors acceptors

ft = 2 efe ) defect occupation probability in the space charge region (neglecting
nT€p

free charge carriers).

e, and e, are the emission rates for holes and electrons.



- A consequence of the change is N,z is type inversion in high resistivity n-
doped substrates.

- lIrradiation of the sensor leads to the formation of negative space charge which
compensates for the initial positive space charge.

- High-resistivity p-type material does not undergo type inversion as the initial
space charge is negative.

- Type inversion is the point at which the
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- d is the sensor thickness.



- Changes in N s lead to changes in the electric

field distribution in the sensor bulk. Sum of drift velocities measured
as a function of depth from the

- After irradiation to high fluence, the space charge in  electrodes with TCT technique.

the depletion region is not homogenous anymore. g% "
- Double peak electric field structure observed. o
- Higher field at both ends than at the centre of the
sensor volume. Fi" - 1

y (depth) [um]

rb.]
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V=100 V e AR

. Polarisation effect. Vum=200

- Incoming radiation generates free e-/h+ pairs that
drift to the n+/p+ electrode.

=600 V
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- When N.sf is negative at the n+ contact and positive
at the p+ contact, a double electric field exists.



- The consequences of radiation damage and its development with time is
temperature dependent.

- Annealing is the treatment of irradiated devices with temperature.
Typically higher temperatures “heal” the device.

- Change of effective doping concentration
with irradiation

ANess = Negro — Nepr(t)

Nerro before irradiation. E
Nsr(t) after irradiation. =
ANess (8) = Na(t; 9, T) + Ne (@) + Ny (60, T) 5
<
N, stable damage. N
N4(t) short term/beneficial annealing. b 101001000 10000
N, (t) reverse annealing. annealing time at 60°C [min]
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- Beneficial annealing - Reverse annealing

- Initial effective decrease of - Keeping the device at high
acceptor-like states when keeping temperature for longer, results in
the sensor for a few hours at 60C. the activation of acceptor-like

. Likely caused by increase of donor- defects that counteract the
like defects. beneficial annealing.

To reduce reverse annealing silicon
detectors at the LHC are kept at
temperatures between -6C and -
10C during operation and time
without beam.
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ANy (£) = Na(t: §,T) + N () + Ny (5 6, T)
- The damage and annealing components are parametrised as
Ny(t; 9, T) = ga¢eqexp(_ t/Tq)

NC((»b) = gc(peq + NC,O(]- o exp(_c¢eq))
Ny (t; ¢, T) = gy(peq(l — exp(— t/Ty))

c is the removal coefficient.
Jas 9c» gy introduction rates for the space charge.
N¢ o accounts for incomplete doping removal.

T4, Ty time constants for beneficial and reverse annealing resp., temperature
dependence following Arrhenius law.

E, = 1.09¢V for 1,.
E, = 1.33eV for 1,

Cooler temperatures = longer time constants.

Tay X exXp(Eq /T)



- The change in N sf is strongly material dependent and depends on the
particle type used for irradiation.

- This damage effect does not scale directly with NIEL.
- It can be mitigated with defect engineering.

n-type silicon detectors.
Samples are irradiated, annealed, measured at each fluence point.
DOI:10.1109/TNS.2018.2819506
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- Leakage current is produced by defect levels near

the middle of the gap that act as generation ADReandRy
! YA
centres. Donor (+) | / \
Def_eq levels are generating leakage current by Acceptor (3 \ I 7
emission of electrons and holes. - - /’ ——
No ~»

- The generation rate for a single defect type t and neglected free charge
carriers in the depletion region is:

eneyp

Gt = N¢fren = Ne(1 _ft)ep = N; en + €,

- The total leakage current of the device is given by:

V is the active volume under the electrode I, =eV Z G
defects

- Leakage current leads to increased noise in amplifiers and increased power
consumption.



- The leakage current follows the NIEL hypothesis scaling.
- Defect engineering has no impact.

- After irradiation with highly energetic particles producing cluster defects,
the leakage current increase depends only on the fluence.

- Independent of type, resistivity, impurity content of material
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- For a fixed annealing time and temperature, a is a universal constant when
normalised to a certain temperature.

*  ¢eq: 1 MeV neutron equivalent fluence.

A
(80 min, 60C) = (3.99 #0.03)x107" —, at 20C



- The temperature dependence of the leakage current is dominated by deep-
level defects residing in the middle of the bandgap.

Parametrisation [, (T) o« T?exp <_ ZkaT)

. E,=119-1.21eV.
- 8-10% reduction per degree C for T = RT to -20C.

The exponential T dependence of the leakage current requires cooling of
the sensors in the experiments to avoid thermal runaway.

1 hour lday 1 month 1 year

10

Annealing is beneficial to reduce
leakage current.

a value continuously decreasing with
time.

161 102 163 164 165 10°
time [ min ]
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3- Charge trapping

- Charge carriers generated by impinging radiation can
be trapped by defect levels and released after some

time. 720N
A4 N\__AN
VAN RAN
_ _ _ Donor (+) I
- Long de-trapping time compared to the collection Acceptor () \ Vo l
time of the sensor or high the density of trapping =2 —— ,17’
decreased signal. No-

Decreased carriers lifetime and mean free path.

- Carrier trapping is described by an effective trapping time (inverse capture
rate).

1

T Cn,e(1 = fe) N
i defects

1

= C N
E ptStNe
it defects

cnt/Cpe Capture coefficient for e-/h+ for defect t.



Trapping dependence on fluence & temperature

- At high fluence charge trapping is dominating the deterioration of the
detector response.

- Assuming that the charge trapping depends only on the time the carrier
drift in the sensor, the evolution of trapping with time is described by:

Q(t) = Qoexp(—t/Tefr)

1 1 B

To: carrier lifetime before irradiation.
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k:-0.83 to -0.9 for e-, -1.52 to -1.69 for h+.



Annealing of trapped charged

- The effective trapping damage constant depends on the annealing history
of the sensor.
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,B(t) = Boexp(— t/Ta) + Lo (1 — eXp(_ t/Ta))
The trapping rate is governed by the time constants for beneficial annealing.
Bo/ B trapping rate at the beginning/end of the annealing process.




Radiation-hard sensors: planar n-in-p

- The ATLAS and CMS trackers at LHC deploy p-in-n strips sensors - For the
HL-LHC they will use n-in-p to improve radiation hardness.

- Electrons are collected at the n+ electrode = higher mobility, less trapping.

- The depletion region grows from the colleting electrode side into the bulk -
Highest E-field at the collecting electrode; sensor can be operated under-
depleted.

- Guard ring structure used to bring down the high sensor bias voltage needed
after irradiation towards the edge of the sensor.

- P-spray/stop are used to isolate collection electrodes in presence of oxide and
interface charges (= Surface damage).
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Radiation-hard sensors: 3D sensors

- Alternative geometry for pixel sensors that provides higher radiation
tolerance by design: drift path decoupled from incoming particle path.

- Electrodes penetrate vertically in the sensor bulk, drift distance ~50 pym.
Shorter charge collection distance - Less charge trapping.
High field with low voltage = Lower power, i.e. heat, after irradiation.

| i“
/

n+ bias electrodes p+ bias electrodes



3D sensors for the ATLAS ITk pixel detector

- The ITk is the new ATLAS Inner Tracker system for the HL-LHC.
- All-silicon detector made of pixels and strips layers.
- The innermost pixel layers will use 3D sensor.

50%x50 um?, 1E 25%x100 pm?, 1E

- 3D sensors with new single-side technology. 50 pm o
um
- Thin active substrates (150 ym) = Reduced fs" - &
. /
cluster size and data rates. /:.35 gy ’
; =35 um
- Small pixels 2> Low occupancy, improved impact
parameter resolution. '|'
- Efficiency >96-97% at 1.6 x 1076 ny,/cm?2. : o

 Vgep <150V, power < 40 mW/cm? (at -25C).

Linear FE U=140 V., ¢=0°

Differencial FE U=70 V
L |
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Surface damage

- Damage to the surface of silicon sensors and electronics, especially in the
SiO, layer and at the Si-SiO, interface.
- SiO, is used as:
Passivation layer on silicon sensor.
Gate Oxide in MOSFET transistors.
Shallow Trench Isolation (STI) between transistors.

- Surface damage affects mostly electronics.

A\ A Si0, Metal
interface Source

P-type substrate

/

Channel for current flow




MOSFET transistors basics

1. A voltage is applied to the gate to induce a channel of free charge carriers
below the Si-SiO2 interface.

2. By applying a voltage on the drain, carriers can move = current.

- NMOS transistor: - PMOS transistor:
VGS > O ° VGS < 0
Electrons in the conduction - Holes in the conduction channel.
channel.
| }7 Voo I
| Gate | Gate
| |
1 Drain Drain
- Source Source
B -~ BN = L. B
e h+

p-type substrate n-type substrate




Other transistor views

L, W: length and width of the channel

1
Source Gate Drain Gate
Ti' -

P-type substrate

Shallow Trench Isolation (STI)



Damage to SiO,

- Radiation causes ionisation and/or dislocation of lattice atoms in SiO,.

- Damage impact from ionisation is more severe in SiO, = it creates charged
defect states in the oxide and at the interface with the silicon that impact

transistor’s operational parameters.
High electric fields can exist in the oxide of MOS transistors.
Charge carriers generated by ionisation are separated.

Holes have a mobility 10° times lower than electron mobility in SiO, (large hole
capture cross section by shallow levels in the silicon oxide).

- NIEL damage does not get electrically active in the SiO,.

Also, the substrate of integrated circuits is highly doped (i.e. low resistivity)
which reduces the sensitivity to displacement damage.



Defects in SiO, and Si-SiO, interface

- Defects are present in the SiO, and at the Si-SiO, interface that introduced
localised energy states in the bandgap of the material and act as traps for

charge carriers.

- In the SiO, defects are due to a precursor that is not active in its normal
condition but is active by radiation and becomes a trap for positive charges.

This precursor is the physical origin of oxide traps.
Oxide traps are donor like, i.e. positive.

- At the Si-SiO, interface defects are due to the abrupt transition between a
crystalline material (Si) and an amorphous one (SiO,) that interrupts the
crystalline structure of silicon.

Interface states are located at the interface or a few angstrom from it.
Responsible for interface traps.

Interface traps can be both donor or acceptor like, i.e. their net charge will
positive or negative according their position wrt. The Fermi level.



Oxide charges

- The incoming radiation generates e-/h+ pairs.

- After a few ps a fraction of the e-/h+ pair has recombined, the other pairs
are separated by the E-field and start to drift in opposite directions.

The fraction non-recombined pairs depends on the type of incident radiation,
material, and applied electric field.

- Assuming a positive voltage on the gate.

The e- drift to the gate and exit the oxide in a few ps (higher mobility).

The h+ will drift (slowly) towards the Si-SiO, interface.
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Oxide charges

- The h+ move with a dispersive transport phenomena called “polaron
hopping”.

- Being slow h+ are self-trapped, i.e. they are localised in the lattice distortion that
they generate - polaron.

- The polaron moves by hopping from one lattice location to the next 2 increased
holes effective mass, lower mobility.

- Higher T and E field = faster transport.
- Dependent on oxide thickness.
- Long time scales wrt. compared to the charge injection.
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Oxide charges

- The h+ can be trapped in defects presents in the SiO, and in oxygen
vacancies close to the interface (deep hole trapping) giving origin to a fixed
positive charge.

- The fraction of trapped holes depends on the mean trap density, their hole
capture cross-section, and the width of their distribution.
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Interface states

- Because of irradiation, the density of interface traps increases by orders of
magnitude.

- Impurity hydrogen ions are released from the lattice by hole hopping.

- These ions move toward the Si-SiO, interface where they give origin to new
interface states that serve as traps.

- Creation of interface states is a slower process than oxide charge formation
due to the lower mobility of the hydrogen ions.

N,: interface trap
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Interface states

- The radiation-induced traps have energy levels in the bandgap.
- Traps above midgap = acceptors.
- Traps below midgap = donors.

- For NMOS under positive bias, interface traps are negatively charged.

- For PMOS under negative bias, interface traps are positively charged.
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Annealing

- Annealing happens through two mechanisms whereby electrons recombine
with the trapped holes.

- Electron tunnelling from the silicon to the oxide traps.

Strongly dependent on the E-field in the oxide and on the spatial distribution of
traps, which in turn depends on the fabrication process.

- Thermal emission of electrons from the oxide valence band into the trap
levels.

Strong dependence on temperature.
Traps need to be close to the valence band.

- Annealing can start already during irradiation depending on dose rate,
temperature during irradiation, and the electric field in the oxide, but it is a
slow process.

Complete annealing can reach many months.



TID technology dependence

- The scaling of CMOS technologies and reduction of MOSFET gate oxide
thickness has greatly improved the radiation hardness of integrated circuits
for use at high luminosity experiments.

Thick oxides however still exists, e.g shallow trench isolation oxides, field
oxides.

- TID damage is greatly influenced by the oxide growth process and the level
of initial impurities.

Some technologies are more affected than others, even within the same node,
i.e. same gate oxide thickness.

Even the technology from a specific foundry can have different radiation
performance depending on the production sites.

- In the following slides | will discuss TID effects on the 130 nm CMOS
technology used for various ATLAS and CMS upgrades.



Leakage current

- Leakage current in MOSFET transistors is defined as the current that flows
through the device for Vs = 0.

- A change in leakage current is observed for NMOS transistors.

- Increase in current up to a TID of a few Mrad, followed by a decrease towards
the pre-irradiation value.

- Peak at a few Mrad.

- No change is observed in PMQOS transistors.
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Edge effects: NMOS

- Parasitic transistors exist at the edges of the transistor.

- Their gate oxide is the STI.
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Edge effects: NMOS

- Positive trapped charges quickly build up in the STI at the edge of the
transistor.

- These open a conductive channel through which current can flow between
drain and source - parasitic lateral transistor switches on.

- The leakage current increases.

Y STI L )
:

A
v

STI

Main transistor

Lateral parasitic transistor




Edge effects: NMOS

.- At higher TID, due to the slower formation process, interface states start to
build up.

- These are negatively charged for NMOS transistor and counteract the effect
of positive charges trapped in the STI.

- The leakage current decreases.
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Edge effects: PMOS

- In PMOS transistors, both oxide charges and interface states are positively
charged.

- They repel further the holes from the side of the transistor > the parasitic
transistors do not switch on.

- The leakage current does not change.
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Threshold voltage shift

. A threshold shift is observed for narrow transistors both NMOS and PMOS.

- For narrow transistors, i.e. small W, the net charge at the transistor edges
influences the electric field in the main device © narrow channel effect.

- Observed in deep-submicron CMOS technologies as a decrease of V,;, with
transistor width.
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- Due to the positive oxide charge trapped in the STl oxide, the narrow
channel effect decreases/increases the V,,, of NMOS/PMOS transistors.

- For NMOS, the negatively charged interface states counteract the effect of
the positive oxide charge - rebound with peak at a few Mrad.

- For PMOS, the positively charged interface states add to the effect of the
positive oxide charge = increase of the V,, slope.

Radiation Induced Narrow Channel Effect (RINCE)
10.1109/TNS.2005.860698
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Hardening by layout techniques

- Enclosed layout transistor can be used to cut leakage current paths at the
edge of the transistors.

For the same W/L, ELT use more space = Loss of logic density.
Only really feasible for the analogue part of the circuit.
Lack of a commercial digital library for digital design

Enclosed transistor layout (ELT)

Linear transistor layout

Leakage current paths



TID effects on ATLAS IBL operation

- The ATLAS Insertable B-Layer is the innermost layer of the ATLAS tracking
system at the LHC.

New layer inserted in the ATLAS Inner Detector during the LHS LS1 (201 3-14).
Closest layer to IP, radius = 33.5 mm (beam pipe r = 23.5 mm).

- The IBL sensors and front-end electronics must cope with radiation doses of
5x10'"> neg/cm? NIEL and 250 MRad TID during the LHC Phase-l.

- New front-end chip in 130 nm CMOS technology = FE-14.

18.8 mm
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TID effects on ATLAS IBL operation

- The current of the FE-14 chip (LV current) was stable at a value of 1.6-1.7A
(for a four-chip unit) until the middle of September 2015.

- The current then started to rise up significantly > consequence of I
increase in transistors.

Between September to November 2015 the current increase was more than 0.2
A even within a single LHC fill, depending on the luminosity and the duration of

the fill.
- This led to a temperature increase of the modules.
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Studies of IBL current increase
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boundary after annealing periods and re-irradiation.
- At a given dose rate, the LV current increase is stronger at lower temperatures.
- At a given temperature, the LV current increase is stronger at higher dose rates.
- By increasing the operational temperature of the chip during irradiation the
increase of the LV current can be kept below the boundary.
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IBL mitigation strategy

- Based on experience in 2015 and lab measurements, the IBL was run at
higher temperatures and lower digital voltage for part of 2016.

- The digital voltage was increased back to 1.2V after 5 Mrad, well beyond
the peak of current increase.
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TID mitigation measures for the ATLAS ITk

- The ITk is the new ATLAS Inner Tracker system for the HL-LHC.
- All-silicon detector made of pixels and strips layers.

- The readout chip for the strips detector, the ABCStar, is designed in the
same 130 nm CMOS process as the FE-14.
- Max TID at ITk for the ABCStar = 60-70 Mrad.
- Enclosed layout transistors are used in the analogue part of the chip.

- Extensive irradiation campaigns to study current increase versus temperature
and dose rate.

- Slow dose rate to estimate current increase during operation, high dose rate
studies to gather information on larger samples of chips.
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ATLAS ITk TID consequences and mitigations

- Consequences of higher current for the operation:

Cable plant and cooling system requirements need to be adapted
Implications on system stability/alignment during runs.

Voltage regulators cannot support more Vdrop on cables.

Higher transients from module switch off.

Un-predictable Wafer-by-wafer and batch-by-batch variations un-predictable.
Thermo-electric models based on very low statistics.

. Mitigation: pre-irradiation of all ABCStar chips to be used in the experiment.

After pre-irradiation and annealing, current peak is lower.
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TID effects in CMOS 65 nm and 28 nm

- TID effects become more complex in smaller technology nodes.

- Thinner gate oxide is beneficial however...

Thick oxides still presents.
Effect from other structures, such as gate spacers (nitride).
Radiation Induced Short Channel Effect (RISCE).

- Suggestions for reading:

F. Faccio et at., Influence of LDD Spacers and H++ Transport on the Total-
lonizing-Dose Response of 65-nm MOSFETSs Irradiated to Ultrahigh Doses,

DOI: 10.1109/TNS.2017.2760629
G. Borghello, Ultra-high-dose effects on 28nm CMOS technology,

https://indico.cern.ch/event/863071/contributions/3738765/attachments/204
4482/3424763/ACES_2020.pdf



https://doi.org/10.1109/TNS.2017.2760629

Summary and final considerations

- Radiation hardness is one of the most important requirements for operation
of silicon tracking systems at high luminosity collider experiments.

- Development of radiation hard sensors and electronics is carried out by
large experimental collaborations and takes many years of development.

- Work on the silicon technologies is supported by modelling and simulations
(see work by theRD50 collaboration).

- Silicon detectors exist that will be able to cope with the HL-LHC
environment, i.e. up to 2 x 10'® ngg/cm? and 1 Grad.

- For future hadron colliders (e.g. FCC hh), radiation levels will increase to 6
X 1017 neq/cm? and 40 Grad - Completely new challenge; Will silicon still
work? Will we need new materials? Which ones? ...



