
Chapter 21
Solid State Detectors for High Radiation
Environments

Gregor Kramberger

21.1 Introduction

The solid state particle detectors emerged in 1950 [1]. Initially Si and Ge detectors
operated as junction diodes were used for charged particle detection and γ

spectroscopy measurements (Chap. 5). Although these detectors are superior to
gaseous detectors in many respects, being a crystalline medium meant that they are
susceptible to radiation damage. Unlike in gaseous detectors where the detection
media can be exchanged the semiconductor crystals have to retain their detection
properties over the entire envisaged period of operation. The particle detection
capabilities and the energy resolution degrade gradually with irradiation, which
limits their lifetime.

A large majority of present high energy experiments uses position sensitive
silicon detectors which became widely available after the introduction of planar
process in 1980 [2]. Their goal is achieving desired position resolution with as few
read out channels as possible, while keeping detection efficiency close to 100%.
At the present and particularly future experiments high particle rates close to the
interaction point require very fine segmentation and high position resolution of
detectors in order to be able to associate hits with tracks.

In the future a precise timing information associated with a track and even with
each sensor hit may be required to cope with large multiplicity of tracks. The sensor
hits and associated tracks will be therefore separated not only spatially, but also in
time allowing easier assignation of tracks to different collisions occurring within
each colliding particles bunch crossing.
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High particle rates cause radiation effects. The most important is the damage
of the crystal lattice which leads to the degradation of the measured charge after
passage of ionizing radiation. At the same time the noise may increase for various
reasons thus significantly reducing the signal-to-noise ratio. Consequently the
detection efficiency, energy, and position resolution may degrade to the level where
the detectors become unusable. Extensive research was made in the last decades
to understand the damage in silicon detectors and to manipulate the properties of
silicon aiming at radiation-harder detectors. The research was not only limited to
silicon but alternative semiconductor materials were considered.

It is not only the bulk crystal that is affected by irradiation, but also the surface.
The radiation effects at the silicon—silicon oxide interface not only change the
performance of silicon detectors, but are the main reason for radiation damage of
electronics. The latter was often considered a bigger problem than the radiation
damage of detectors, particularly in environments where the ionization dose was
large (e.g. synchrotron radiation). With the advent of deep sub-micron CMOS
processes, electronics was thought to became intrinsically radiation hard and no
special radiation hardening processes would be required. An important contribution
to the radiation hard electronics was also introduction of radiation-tolerate design
rules. However, for very small feature sizes, e.g. very deep sub-micron processes,
such as 0.130, 0.065µm, radiation hardness of electronics, rather than sensors,
could become a limiting factor at harshest radiation environments.

On the other hand the effects of radiation damage were exploited for dose
measurements. Active dosimeters appeared for both measurements of ionizing and
non-ionizing energy losses in silicon crystal such as p−i−n diodes [3] and radiation
sensitive field effect transistors [4].

21.2 High Radiation Environments

The radiation environments differ in composition and energies of the particles
producing the radiation damage. Although the particles that are to be detected
contribute largely to the damage it is often the background particles that dominate.
As will be described later the damage depends on the type of the particle. While
X-rays alter the properties of the detector surface they can not displace the
semiconductor atoms from the lattice. On the other hand neutron irradiation affects
only the lattice and energetic charged hadrons and leptons damage both the lattice
and the surface. The difference in damage creation and its effects to detector
operation will be discussed later. First we review the radiation environments where
particle detectors are employed.

Collider Experiments In general there are three major types of accelerators with
respect to collision particles: hadron (p − p, p̄ − p, heavy ions), lepton (e+ − e−,
eventually μ+ − μ−) and lepton-hadron (e+,− − p). The flux of particles traversing
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the detectors is given by the particles originating from the collisions (φcoll) and
secondary radiation that originates from the spectrometer or the accelerator (φsec)

φ = φcoll + φsec, (21.1)

The flux of particles crossing the detectors is much larger at hadron colliders than at
lepton colliders, owing to a difference in total cross-section σtot of colliding parti-
cles. The radiation environment at lepton colliders is dominated by e± from Bhaba
scattering. Consequently the radiation damage of detectors at hadron colliders is
much more severe than at lepton colliders.

A significant secondary irradiation, particularly at high luminosity colliders, can
arise from back-scattered neutrons originating in breakup of nuclei in calorimeters
and other parts of spectrometers after interaction with highly energetic hadrons. The
secondary radiation originating from the accelerator such as synchrotron radiation,
beam-gas interactions or halo particles scraping the collimators should be small but
can represent in case of an accident a significant contribution to the total fluence �

(integral of flux � = ∫
φ dt) of particles traversing the detectors.

The required radiation tolerance/hardness of vertex detectors at different col-
liders is given in the Table 21.1. Placing of the detectors in the spectrometer
determines their exposure. The φcoll decreases quadratically with the distance from
the interaction point. The large cross-section for soft collisions result in larger φcoll

at small angles with respect to beam. Large φcoll at small angles is also characteristic
for asymmetrical beams (energy, particle) or fixed target experiments. A particle
fluence profile for ATLAS experiment [5] at the Large Hadron Collider (LHC) is
shown in Fig. 21.1. The dominating particles are at small radii mainly pions and
protons originating from collisions and “albedo” neutrons from the calorimeters for
R > 20 cm.

Table 21.1 The review of basic parameters of some accelerators and required radiation hardness
of the most exposed detectors for the entire operation period

Accelerator Type σtot [barn] L [cm−2 s−1] ∼ ∫
φdt [neq cm−2] Dose in Si [Gy]

Super KEK-B e+-e− 4n 5.0 · 1035 <2 · 1012 cm−2 <10 k
(8,3.5 GeV)

ILC e+-e− 3p few 1034 ∼1010 few k
(250,250 GeV) 3p

HERA e+,−-p 10−3 7 · 1031 <1013 <2 k
(27.5, 920 GeV) (Q2 < 100 GeV)

Tevatron p̄-p 70 m 1.7 · 1032 <1013 <30 k
(0.98,0.98 TeV)

LHC p-p 100 m 1033 − 1034 up to 5 · 1015 ∼2.5 M
HL-LHC (>2026) (7,7 TeV) 5 − 7.5 · 1034 up to 2 · 1016 ∼10 M
FCC p-p (50, 50 TeV) 100 m 5 − 30 · 1034 up to 6 · 1017 ∼400 M

foreseen >2040

The total cross-section without Bhaba scattering is given for e+ − e− accelerators
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Fig. 21.1 Yearly fluence profile in ATLAS experiment at LHC design luminosity. The radiation
damage caused by different particles was used to normalize the fluences (see next section for �eq ).
The arrows denote the location of the pixel and strip detectors (SCT)

The choice of detector technology at a given radius depends on the ability
to retain the detection efficiency and position resolution at required levels. At
the same time the material budget should be kept low in order not to spoil the
tracking performance. At many experiments the most exposed detectors are beam
position/condition and radiation monitors (Chap. 18).

Space Applications
Particle detectors are an important constituent of many space missions. They are
mainly used as spectrometers, visible light detectors and charged particle trackers.
The radiation fields are far less severe than that at accelerators experiments, but the
detectors and the information that they provide can be far more susceptible to the
radiation effects (e.g. CCD, DEPFet, Si-drift detectors). The origin of radiation in
space comes from three sources:

• Galactic cosmic radiation; Consists primarily of nuclei (85% protons, 14%
Helium, 1% heavier ions among which Fe and C are most abundant ones). The
relevant particles for damage creation have energies between 1–20 GeV. The
fluxes of cosmic particles are shown in Fig 21.2a. The flux depends on the
activity of the sun through interaction with solar wind (a continuous stream of
high ionized plasma emerging from the sun). Interactions of highly energetic
particles with nuclei in the earth’s atmosphere or space-vessel produce showers
of ionizing particles which increase the intensity of the radiation.

• Solar particles; The sun is also a sporadic source of lower energy charged
particles (solar particles) accelerated during certain solar flares and/or in the



21 Solid State Detectors for High Radiation Environments 969

Fig. 21.2 (a) Galactic cosmic ray particle spectra and their modification by solar activity [6]. (b)
Equatorial electron and proton flux vs. the distance from the Earth’s center. Each curve gives the
total flux above the specified threshold [7]

subsequent coronal mass ejections. These solar particles comprise both protons
and heavier ions with variable composition from event to event. Energies
typically range up to several hundred MeV and occasional events produce
particles of several GeV. Although such events are rare, typically one per month
and lasting several hours to days, the flux integrals as large as 1010 cm−2 for
protons with energy >1 MeV were measured.

• Radiation belts; The charged particles trapped in the Earth’s magnetic field
form so called Van Allen’s belts. The inner belt extends to 2.5 Earth radii and
comprises protons up to 600 MeV and electrons up to several MeV. The outer
belt extends to 10 Earth radii where there are mainly electrons and soft protons
(0.1–100 MeV). The fluxes of electrons and protons trapped in the radiation belts
are shown in Fig. 21.2b. The sharp fall of flux at high energies makes shielding
very effective.
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Environmental Applications

• Medical application; The most widely used source of radiation are X-rays,
Linacs and radio active isotopes used for cancer treatment. The energy of photons
used is: up to 100 keV for X-rays, below 1 MeV for isotopes and up to 25 MeV
for Linacs.

• Fusion in fission reactors and nuclear waste managements; The main damage
comes from neutrons and γ rays, both with energies up to few MeV. Fusion
reactors of TOKAMAK type require plasma, fuel impurity and fusion products
monitoring instrumentation close to the first wall. The foreseen neutron fluences
to which the sensors (e.g. silicon sensors for X-ray spectroscopy) and electronics
will be exposed at International Thermonuclear Experimental Reactor (ITER) are
comparable with that of the HL-LHC, up to few 1016 cm−2.

21.3 Damage Mechanism in Solid State Detectors and
Electronics

As radiation (photons, leptons, hadrons) passes through material, it loses energy by
interaction with the electrons and nuclei of the material atoms. The effects produced
in the material are dependent on the energy-loss processes and the details of the
material structure. The damage in semiconductor detectors can be divided into bulk
and surface damage.

21.3.1 Bulk Damage

The interaction with electrons results in creation of electron-hole pairs (ionizing
energy loss, ionizing dose) that does not affect the lattice and causes no bulk dam-
age. The bulk damage in crystalline and poly-crystalline material is a consequence
of displacement of lattice atoms by impinging particles, due to elastic scattering
on a nuclei and nuclear reactions. In order to produce Primary Knocked off Atom
(PKA) the transfer of kinetic energy should be sufficient. Approximately 25 eV of
recoil energy is required for example in silicon. The displaced atom may come to
rest in a interstitial position (I), leaving a vacancy (V) at its original location. If the
kinetic energy of the recoiling atom is sufficient (∼5 keV in Si [8]) it can displace
further atoms, creating a dense agglomeration of defects at the end of the primary
PKA track. Such disordered regions are referred to as defect clusters.

Most of the resulting vacancies and interstitials recombine while others diffuse
away and eventually create stable defects with impurity atoms and other vacancies
or interstitials. Those defects disturb the lattice periodicity and give rise to energy
levels in the band-gap, which alter the properties of the semiconductor. In most
semiconductor materials the cross-section for nuclear reaction is much smaller than
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Table 21.2 Material properties of some semiconductors used as ionizing particle detectors

Property Si Diamond GaAs GaN 4H-SiC a-Si(H)

Z 14 6 31/33 31/7 14/6 14

Eg [eV] 1.12 5.5 1.4 3.39 3.3 1.7

Ebd [MV/cm] 0.5 10 2.2–4

μe [cm2/Vs] 1350 ∼2000 ≤8500 1000 800–1000 1–10

μh [cm2/Vs] 450 ∼1400 ≤400 30 30–115 0.01–0.005

vsat,e [cm/s] 2 · 107 2.7 · 107 1.2 · 107 2 · 107

ε 11.9 5.5 0.4 9.7

e–h energy [eV] 3.6 13 4.3 8.9 7.8 4–4.8

e-h/µm for m.i.p. 90 36 51 75

Density [g/cm3] 2.3 3.5 5.3 6.2 3.2 2.3

Displacement [eV] 25 43 10 Ga-20

N-10

for elastic scattering, hence the creation rate of defects, resulting from nuclear
reactions, is usually more than two orders of magnitude lower when compared to
creation rates of defects originating from displaced silicon atoms.

The energy Ep required for an incoming particle of mass mp to produce PKAs
and clusters with a creation threshold Eth can be calculated from non-relativistic
collision kinematics as

Ep = Eth

(mp + ml)
2

4 mp ml

, (21.2)

where the lattice atom has a mass ml . In silicon a neutron needs at least 175 eV to
produce a PKA and 35 keV to form a cluster. For an electron a relativistic kinematics
should be used giving 260 keV and 8 MeV. It should be noted that the radiation
damage caused by γ -rays from radioactive decays is primarily due to the interaction
of Compton electrons with a maximum energy well below the one required for
cluster production. The bulk damage is therefore exclusively due to point defects.
As the thresholds are of the same order also in other semiconductor materials (see
Table 21.2 ) similar conclusions are valid.

A part of vacancies and interstitials formed immediately after irradiation can
recombine, while others diffuse away and eventually recombine or react with other
defects or impurities. The defects can evolve in time. They can either dissociate or
react with each other and form new defects. The evolution of defects is described by
first order dynamics in case of dissociation (Eq. (21.3)) or second order dynamics
for reactions of two defects (Eq. (21.4)):

X → Y ,
dNY

dt
= −dNX

dt
= kY

1 NY (21.3)
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XA + XB → Y ,
dNY

dt
= −dNXA

dt
= −dNXB

dt
= kY

2 NXA
NXB

, (21.4)

where kY
1,2 denotes the reaction constants. The Eq. (21.4) turns into a first order

process in cases when one type of the reacting defects is present in much larger
quantities than the other. The solution of Eq. (21.3) is exponential with

NY = N0
X

(
1−exp

(

− t

τ Y
1

)
)

, NX = N0
X exp

(

− t

τ Y
1

)

, τY
1 = 1

kY
1

(21.5)

with N0
X denoting the initial concentration of defects X proportional to the fluence.

The solution of the Eq. (21.4) for (N0
XA

> N0
XB

) is given by

NY (t) = N0
XB

1 − e
−kY

2 t (N0
XA

−N0
XB

)

1 − (N0
XB

/N0
XA

)e
−kY

2 t (N0
XA

−N0
XB

)
. (21.6)

In the case of two defects with similar initial concentrations N0
XA

= N0
XB

= N0
X or

a reaction between defects of the same type one obtains

NX(t) = N0
X

1 + N0
XkY

2 t
= N0

X

1 + t/τY
2

, τY
2 = 1

kY
2 N0

X

(21.7)

NY (t) = N0
X − NX(t) = N0

X(1 − 1

1 + t/τY
2

). (21.8)

From Eqs. (21.3) and (21.4) it can be seen that for first order reactions, the rate
depends linearly on defect concentration while for second order reactions the
dependence is quadratic.

Since the energy needed for breaking up the defect (dissociation) or forming a
new defect is supplied by the lattice vibrations, the reaction constant is strongly
temperature dependent. The lattice atom vibration energy is governed by the
Maxwell-Boltzmann distribution. The probability of sufficient energy transfer from
lattice vibration to the defect is therefore exponential with temperature (T ). If the
reaction rate given by the Arrhenius relation is known at T0 then the rate at T1 is
calculated as:

kY
1,2 ∝ exp

(

− Ea

kB T

)

�⇒ τY
1,2(T0)

τY
1,2(T1)

= kY
1,2(T1)

kY
1,2(T0)

= exp
[Ea

kB

(
1

T0
− 1

T1
)
]
,

(21.9)

where Ea is the energy required for defect dissociation or formation.
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21.3.1.1 Non-Ionizing-Energy-Loss Hypothesis of Damage Effects

The energy loss of impinging particles suffered in a process of displacing lattice
atoms is called non-ionizing energy loss—NIEL. First experimental findings have
led to the assumption that damage effects produced in the semiconductor bulk
by energetic particles may be described as being proportional to non-ionizing
energy loss, which is referred to as the NIEL-scaling hypothesis. According to it
any displacement damage induced change in the material properties scales with
the amount of energy imparted in displacing collisions, irrespective of the spatial
distribution of the defects in a PKA cascade and irrespective of the various annealing
sequences taking place after the initial damage [10].

The non-ionizing energy deposit in a unit cell of the target nuclei (ρdis) exposed
to the fluence of particles with energy E can be calculated as

ρdis = D(E) · �, (21.10)

where D(E) [9] is so-called displacement damage function, sometimes also referred
to as damage cross-section. For a spectrum of particles the contributions to the ρdis

for each energy should be summed:

ρdis =
∫ ∞

0

d�(E)

dE
D(E)dE. (21.11)

According to NIEL hypothesis ρdis determines the damage effects. The damage
efficiency of any particle spectrum d�/dE can therefore be expressed as that of an
equivalent 1 MeV neutron fluence. The equivalent fluence of 1 MeV neutrons �eq

is calculated as

�eq = κ � = ρdis

Dn(1 MeV)
(21.12)

κ = 1

Dn(1 MeV)
·
∫ ∞

0 D(E) d�
dE

(E) dE
∫ ∞

0
d�
dE

(E) dE
, (21.13)

where κ is so called hardness factor for that particle spectrum and Dn(1 MeV)

the D for 1 MeV neutrons, 95 MeV mb for Si and 10 MeV mb for diamond [12].
The displacement damage cross-section for pions, protons, electrons and neutrons
in silicon is shown in Fig. 21.3. The hardness factors for most commonly used
irradiation facilities are given in the Table 21.3.

The NIEL hypothesis is violated in silicon for highly energetic charged hadrons.
In addition to the hard core nuclear interactions, being dominant for neutrons,
charged hadron reactions are also subjected to Coulomb interactions leading to low
energy recoils below the threshold for cluster creation. In this case the damage is
a mixture of homogeneously distributed point defects and clusters. This distinct
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Fig. 21.3 Non Ionizing Energy Loss NIEL for different particles in silicon [11]. The insert shows
magnified D(E) for most damaging particles at LHC

Table 21.3 Measured hardness factors of commonly used irradiation particles

26 MeVa 70 MeVb 800 MeVc 23 GeVd 200 MeVe Reactor f

protons protons protons protons pions neutrons

κ 1.85 1.43 0.71 0.62 1.14 0.92
a KIT, Germany and University of Birmingham, UK
b CYRIC, Japan
c LANL, USA
d CERN, Switzerland
e PSI, Switzerland
f JSI, Slovenia

difference between neutron and proton induced damage is depicted in Fig. 21.4.
Different impurities (e.g. O,C) are homogeneously distributed over the volume and
the probability for such an impurity to form a defect complex with vacancy or
interstitial is much larger if the latter are also homogeneously distributed. Hence,
the defects formed after irradiation and consequently the lattice properties can be
different for various irradiation particles at equal NIEL. It should be emphasized
again that the NIEL scaling can only be regarded as a rough approximation as it
disregards the specific effects resulting from the energy distribution of the respective
recoils.

21.3.1.2 Impact on Bulk Damage on Detector Performance

As already mentioned the defects in the semiconductor lattice give rise to energy
levels (states) in the band gap affecting the operation of semiconductor detector
mainly in three ways as shown in Fig. 21.5.
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Fig. 21.4 Initial distribution of vacancies produced by 10 MeV protons (left), 23 GeV protons
(middle) and 1 MeV neutrons (right). The plots are projections over 1µm of depth (z) and
correspond to a fluence of 1014 cm−2 [10]

(a)

Ec

Ei

Ev

e

h

e trapping

h trapping

+
donor

acceptor
−

generation

(c)(b)

Fig. 21.5 Consequences of deep energy levels to operation of semiconductor detectors: (a)
charged defects alter the space charge and therefore the electric field, (b) defects can trap and
detrap free carriers and (c) defects act as generation-recombination centers. Electrons and holes
are denoted by e and h

• Some of the defects can be charged which leads to (Chap. 5) (Fig. 21.5a) changes
in the electric field. For semiconductor detectors this may result in loss of the
depleted (active) region requiring an increase of the applied bias. The bias voltage
is however limited by the device break down. The space charge is calculated as a
difference in concentration of charged donors and charged acceptors,

Neff =
∑

donors

Nt (1 − Pt) −
∑

acceptors

Nt Pt , (21.14)

where Nt denotes the concentration of deep traps and Pt the probability of a
trap being occupied by an electron. The traps continuously emit and capture
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carriers. The difference in emission and capture rate is called the excess rate. In
a stationary state the occupation probability is constant, therefore excess rates of
holes and electrons for a given trap have to be equal. The derivation of occupation
probability from this condition can be found in any solid state physics text book.
As the Pt is needed for calculation of detector properties we will just state the
result:

Pt =
[
cp p + εn

cn n + εp

+ 1

]−1

, (21.15)

cn,p = vthe,h
σte,h , εn,p = ni cn,p exp

(

±Et − Ei

kB T

)

. (21.16)

where cn,p is the capture coefficient and εn,p emission rate of electrons and holes,
respectively. The concentration of free electrons and holes is denoted by n and p

and their thermal velocity by vthe,h
. The capture coefficients and emission rates

depend on trap and semiconductor properties. The carrier capture cross-section
is given by σte,h and the level in the band gap by Et . The Fermi level and free
carrier concentration in intrinsic semiconductor are denoted by Ei and ni . They
occupation probability depends on temperature only for levels close to middle of
the band-gap. The exponential term in Eq. (21.15) prevails once Et is few kB T

away from the Ei . If follows from here that only donors in the upper part of
the band gap and acceptors in lower part of the band gap contribute to the space
charge.

• The states can act as trapping centers for the drifting charge generated by the
particles we want to detect (Fig. 21.5b). If trapped charges remain trapped and
do not complete the drift within the integration time of the read-out electronics
they are lost for the measurement, which leads to smaller signal.

The probability for electrons and holes to be trapped at the trap t can be
calculated as

1

τ t
tre

= cn (1 − Pt)Nt ,
1

τ t
trh

= cp Pt Nt . (21.17)

The trapping time τ t
tre,h

represents the mean time that a free carrier spends in the
part of the detector before being trapped by t . According to Eq. (21.17) electron
traps have energy levels in the upper part of the band gap (Pt ≈ 0), while hole
traps have energy levels in the lower part of the band gap (Pt ≈ 1).

To get the effective trapping probability 1/τeff e,h
for electrons and holes one

has to sum over the trapping probabilities of all traps with emission times (1/εn,p)
longer than integration time of the electronics:

1

τeff e

=
def ects∑

t

cn (1 − Pt)Nt , (21.18)
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1

τeff h

=
def ects∑

t

cp Pt Nt . (21.19)

The emission times decrease with distance from the mid-gap and become at
certain energy level short enough not to be included in the Eq. (21.19). The
traps close to the mid-gap have therefore a dominant contribution to the effective
trapping times.

• States close to the mid-gap region also act as generation-recombination centers
(Fig. 21.5c). The thermally generated electron hole pairs are separated in the
electric field before they can recombine, which gives rise to the bulk generation
current. The increase of current leads to the increase of noise and power
dissipation.

The generation current can be calculated with the assumption of equal
generation rates Gt = Gn = Gp of electrons and holes in thermal equilibrium:

Gt = Nt Pt εn = Nt

εn (εp + cn n)

εn + εp + cp p + cn n
(21.20)

Gt = Nt

1

1/εn + 1/εp

for n, p ≈ 0. (21.21)

Both carrier types generated in the active volume drift to the opposite electrodes.
The current density, albeit different for holes and electrons, is constant every-
where in the detector. The measured current is therefore calculated as

I = e0 w S

def ects∑

t

Gt (21.22)

where w denotes the active thickness and S the active surface of the detector. It
follows from Eq. (21.21) that only the levels close to mid-gap Ei ∼ Et contribute
significantly to the current. If traps are far from the mid-gap, emission times are
either very long or very short.

Apart from the changes in the depletion region, the properties of the non-depleted
silicon bulk are also affected by irradiation. The resistivity of the bulk increases.
The increase depends on both initial dopant concentration as well as on irradiation
fluence. The minority carrier lifetime also decreases as 1/τr ∝ � and reaches values
of few tens ns at � = 1014 cm−2 and below ns at � > 1016 cm−2 [13].

Recent measurements [14] also show that mobility of free carriers is affected by
radiation. The concentration of defects, not only electrically active, is high enough
to affect the low field mobility. A significant decrease of low field mobility was
observed at fluences of �eq > 5 · 1015 cm−2.

Although silicon detectors are by far the most widely used there are other
semiconductor detectors which can be used in high radiation fields and have a higher
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PKA displacement energy. The material properties of different semiconductors used
as particle detectors are summarized in Table 21.2.

Effects of irradiation on detector performance strongly depend on the choice
of material. In wide band gap semiconductors for example the rate of thermally
generated carriers will be small even if states close to mid-gap are present in
abundant concentrations due to small intrinsic carrier concentration. Thus the
leakage current increase is negligible. If the drift velocity is large and charge
collection time is short then the increase of trapping probability will be less
important. The small dielectric constant reduces the capacitance of a detector
leading to lower noise, which can partially compensate for larger e-h pair creation
energy. The choice of the semiconductor detector for a specific application is often
governed by a compromise in semiconductor properties. Also availability, reliability
and experience play an important role. In this respect diamond is the choice of
detector material next to silicon.

21.3.1.3 Most Important Defects in Silicon

A lot of effort was invested over the R&D phases of LHC/HL-LHC in identifying
the defects responsible for changes in performance of silicon detectors. A compre-
hensive list of defects identified by so called “microscopic” techniques such as Deep
Level Transient Spectroscopy (DLTS) or Thermally Stimulated Current (TSC) can
be found in [15]. The summary plot with the most important defects is shown in
Fig. 21.6. The effects for which they are mainly responsible will be addressed in

posi�ve charge          (higher 
introduc�on a�er proton irradia�on than 

a�er neutron irradia�on)

posi�ve charge (higher 
introduc�on a�er proton than 

a�er neutron irradia�on, oxygen 
dependent)

leakage current
& neg. charge
current a�er  γ irrad.

defects 
important for 

trapping

phosphorus 
shallow dopant
(posi�ve charge)

leakage 
current

reverse 
annealing

(nega�ve  charge)

boron
shallow dopant
(nega�ve charge)

Fig. 21.6 A schematic view of known defects and their main effects on the detector performance.
The defect charge state is given in brackets. For the defects with unknown chemical composition
the temperature at which electron -E or hole-H traps were identified with DLTS/TSC techniques is
used. The near mid-gap H levels are likely multivacancy complexes



21 Solid State Detectors for High Radiation Environments 979

the following sections. Note, that for only few identified energy levels the chemical
composition of the corresponding defects is known.

21.3.2 Surface Damage

The semiconductor detector bulk needs to form a contact with readout electronics.
The contacts used, either Ohmic or Schottky, as well as the rest of the surface are
prone to changes due to irradiation. The description of surface radiation damage
given here will be focused on the border of silicon bulk and oxide (Chap. 5).
The surface damage affects the electrical properties of the detectors such as inter-
electrode resistance, inter-electrode capacitance and dark current. It is particularly
important for sensors where charge flow is close to the surface, such as 3D-Si
detectors, CCDs, Active CMOS Pixel Detectors and MOS-FET transistors.

The surface of particle detectors is usually passivated by thermal oxidation [16].
The oxide isolates and stabilizes the crystal surface with respect to chemical and
electrical reactivity. The cross-section of the device surface is generally divided
into silicon/oxide interface and oxide bulk depicted in Fig. 21.7. The border region
between oxide and silicon crystal is characterized by a large defect density due to
bond stress. In general surface defects can be caused by growth and irradiation.
According to their position in the oxide the traps are divided in the oxide bulk
traps (OT), border traps (BT) and interface traps (IT). The latter two are located
close to the interface and can exchange charges with underlying silicon (switching
traps). The oxide traps are mostly donors, which is the reason that net oxide charge
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density is always positive. The most important oxide defects are trivalent Si (≡
Si·, donor), interstitial oxygen (OI, donor) and non-bridging oxygen (≡ Si–O·,
acceptor). Other important defects include hydrogen related defects (all donors)
[18]. Hydrogen is particularly important since it passivates the dangling bonds by
attaching to them. The build-up of interface traps is not fully understand yet and
there are different models explaining it [18, 19]. The bulk and interface traps formed
during processing of the oxide can be passivated by annealing (350–500 ◦C) in
hydrogen rich environment.

If the creation of e–h pair in the silicon bulk is completely reversible process,
it is not in SiO2 and at the interface. Ionizing radiation has a significant impact
on the defect generation and activation. The damage mainly manifests itself
as a regeneration process of already present but deactivated defects. Hence the
processing of the oxide, preparation and temperature treatments (annealing) impacts
the performance after irradiation.

Although the underlying physics of formation is not yet fully understood, it is
assumed that radiation ionizes oxide bulk defects that remain charged

Si · +radiation → Si+ + e− (21.23)

or free holes are trapped by passivated defects

OI + h → OI
+. (21.24)

Similarly to oxide bulk damage the interface state density also increases with
irradiation. After [20] the interface states are generated by breaking up the bonds
between surface silicon atoms (Sis) and hydrogen, due to hole trapping at the
interface (Sis-H+h→Sis ·+H+; Sis-H+h→Si+s +H· followed by Si+s +e− →Sis · ).
The dangling bonds enable surface silicon atoms to react with the underlying silicon
and induce different states in the silicon band-gap. The state build-up can continue
over a long period of time after exposure to radiation.

The electrons are much more mobile in the oxide (μe(20 ◦C) ∼ 20 cm2/Vs) and
are in the presence of electric field promptly swept away, while holes (μh(20 ◦C) =
10−4−10−11 cm2/Vs ) slowly drift to the interface. The absence of electric field in
the oxide is therefore beneficial as the recombination can take place in the oxide
bulk as well as at the interface.

21.3.2.1 Impact of Surface Damage on Device Properties

Positive Oxide Charge

As shown by many experiments the exposure to ionizing radiation causes an
increase of positive space charge. The different contributions to the oxide charge
are shown in Fig. 21.7. Apart from the oxide traps and mobile ion impurities
also trapped holes at interface states contribute to the positive oxide charge. An
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Fig. 21.8 (a) Oxide charge measured from a change in flat band voltage for silicon gated diodes
[21] after irradiation with 20 keV electron and γ -rays from 60Co. (b) Dependence of flat band
voltage on oxide thickness [22]. (c) Recent measurements to very large doses for samples with
different producer/orientation/oxide thickness [23].

effective net sheet charge (surface density) in the oxide Nox is calculated as the
sum of all contributions. It has been shown that under bias the oxide charge density
increases with irradiation up to few kGy where it starts to exhibit saturation. In an
unbiased devices saturation occurs at significantly larger doses up to few 10 kGy
(see Fig. 21.8) [21]. The saturation sheet charge depends on thickness of the oxide
and is of order Nox = 1012 cm−2. Latest measurements show an increase of oxide
charge, although at a much slower rate, up to the doses of 1 GGy (see Fig. 21.8c).

The positive oxide charge attracts electrons which can form a conductive layer
underneath the surface. The resistivity between the nearby n+ contacts can therefore
decrease producing a short circuit. A p+ implant is therefore commonly used to
cut these conductive paths. A more novel approach is to use a moderate p implant
over the whole surface (p-spray [24]). The p-spray dose must be sufficiently high
(≈1011−1013 ions/cm2; the same order as Nox) to prevent decrease of inter-strip
resistivity and not too high to cause early breakdowns. Very often both methods are
used together.
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In very thin oxides the tunneling of electrons from nearby electrodes occurs.
The oxide traps get passivated, by reversing the reactions described by Eqs. (21.23),
(21.24). Thinning down the oxide therefore reduces the Nox (see Fig. 21.8b ) [22],
which makes the device more radiation hard. The flat band voltage which should
follow the VFB ∝ d2, if the oxide charge is uniform, shows a steep decrease in thin
oxide films <20 nm. The importance of this effect will be discussed in section on
radiation hard electronics.

Surface Generation Current

Interface states act as charge carrier generation centers. As soon as the silicon
surface is depleted, the thermally generated carries are separated in electric field
and contribute to the dark current of a nearby p − n junction or a MOS transistor.
This current is called interface generation current and is calculated as

Iox = e0 ni Ss vsurf (21.25)

where vsurf is the surface recombination velocity and Ss the depleted silicon surface
area. The surface recombination velocity is directly proportional to the density
of interface states. The density of states rather than discrete states is used as
experimentally it is impossible to distinguish between different trap levels [25]. The
increase of surface current and surface recombination velocity with irradiation is
shown in Fig. 21.9.

Trapping

The interface states act as trapping centers for the charge drifting close to silicon
surface in analogous way to trapping of drifting carries in the bulk. Equation 21.17

is multiplied with an exponential term exp
(

e0 <ψ>
kB T

)
to take into account the average

band bending < ψ > close to the surface.

21.4 Detector Technologies

21.4.1 Design Considerations

The design of the detector should minimize the radiation effects most crucial for
the successful operation of the detector while retaining the required functionality.
The material and operational conditions determine to a large extent the radiation
hardness of a detector. However, some of the radiation effects can be reduced by
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Fig. 21.9 (a) The increase of surface current density (surface recombination velocity) after 20 keV
electron and 60Co irradiations for biased and unbiased gate. (b) Surface current density after 12 keV
X-rays irradiations of different samples to very high doses [23]

a choice of the read-out electrodes and detector geometry. At the new accelerator
experiments the largest obstacle is the radiation-provoked decrease of measured
charge and increase of noise. The consequent degradation of signal-to-noise ratio
can lead to the loss of detection efficiency up to the level where successful operation
of the detectors is no longer possible.

In terms of charge collection the radiation hard detector design follows directly
from the calculation of the induced charge Q. The current induced (I ) by a motion of
charge q in the detector is given by Shockley-Ramo’s theorem [26] and is discussed
in the section on signal processing. The charge induced in the electrodes is given
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by the difference in the weighting potential (Uw) traversed by the drifting charge
(Chap. 10, Eq. 10.2):

Q(t) = q[Uw(�r(t)) − Uw( �r0)], (21.26)

where �r0 and �r denote position at the both ends of the traversed path. The distinct
difference in weighting potential for a pixel detector and simple pad detector is
shown in Fig. 21.10 and discussed in section 6.2.2.

For an electron hole pair the induced charge is a sum of both contributions
Qe−h = Qe + Qh. A track of an ionizing particle therefore induces the charge
Qt

Qt =
∑

all pairs

Qe + Qh = Qt
e + Qt

h, (21.27)

Qt
e,h = ∓e0

e,h∑

i

Uw(�ri) − Uw(�ri,0). (21.28)

If all carries complete the drift on the sensing electrode Uw(�ri) = 1 if on non-
sensing Uw(�ri) = 0. In the absence of trapping and homogeneous ionization the
sum in Eq. (21.28) becomes integral which can be easily calculated. For the track
through the center of the pixel shown in Fig. 21.10 the contribution of electrons
drifting to sensing electrode is Qt

e/Q
t = 0.82, which is significantly larger than

Qt
e/Q

t = 0.5 for pad detectors. The fact that in segmented devices one carrier
type contributes more to the total induced charge, can have important consequences
after irradiation if the difference in mobility or/and trapping probability is large for
electrons and holes.

If carriers are trapped and not released in time to finish the drift within the
integration time of the amplifier (tint ) then Uw(ri) �= 1, 0. Using �ve,h = μe,h

�E
and q = e0 exp

( −t
τeff,e,h

)
the Eqs. (21.28), Eq. 1 (Section 6) turn to

Qt
e,h = ∓e0

e,h∑

i

∫ tint

0
exp

( −t

τeff,e,h

)

μe,h(E)
[ �E(�ri) · �Ew(�ri)

]
dt, (21.29)

where μe,h represents carrier mobility. Three conclusions can be drawn without
actually solving the Eq. (21.29) for a given detector and charge particle track:

• A better charge collection efficiency CCE (ratio of measured and generated
charge) of the hit electrode is achieved when it collects the carriers with larger
μ · τeff . They contribute a larger part to Qt and hence reduce the effect of the
trapping.

• If the electric field can not be established in the entire detector (e.g. partial
depletion or polarization of detector) it is important to have the region with
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by the corresponding numbers. (b) The weighting potential along the axis through the center of
the hit pixel and through the center of the three closest neighbors. For comparison Uw of a pad
detector is also shown

electric field around the read-out electrodes, where Ew is large (large �E · �Ew).
Operation of partially depleted detectors therefore requires that the junction
grows from the segmented side. Growth of depletion region from the back of
the detector, shown in Fig. 21.10, would result in smaller induced charge in hit
pixel than expected from the thickness of the active region.

• A detector design where the number of generated e–h pairs is disentangled from
their drift time is optimized for large induced charge.
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Fig. 21.11 Explanation of trapping induced charge sharing

As Uw depends on the geometry only it is obvious that it is possible to optimize
the electrode design for maximum signal. However, as the paramount parameter for
any detector is its signal-over-noise ratio, the optimization should also include the
inter-strip capacitance and leakage current of electrode both affecting the noise.

Charge collection in segmented devices leads to “signal cross-talk” as described
in the section on Signal processing 6.2.1. The bi-polar current pulses in the
neighboring electrodes (see e.g. Uw in Fig. 21.10) yield zero net charge for
integration time larger than the drift time (see Signal processing Fig. 6.2). In
irradiated detector some of the carriers are trapped and do not complete their drift.
Therefore the integrals of the bipolar pulses do not vanish. A significant amount of
charge can appear in the neighbors adding to the usual charge shared by diffusion
(see explanation in Fig. 21.11). Unlike diffusion, where the polarity of the induced
charge is equal for all electrodes, the trapping can result in charges of both polarities.
If electrodes collect carriers with smaller μ · τeff , the polarity of the charge is the
same for all electrodes. Otherwise the polarity of the charge induced in the neighbors
is of opposite sign compared to the hit electrode [27, 28]

The effect can be used to enhance the spatial resolution due to larger charge
sharing at the expense of smaller charge collection efficiency or vice versa.
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Fig. 21.12 Schematic view of (a) p+ −n−n+ and (b) n+ −n−p+, n+ −p −p+ strip detectors
(AC coupled)

21.4.2 Silicon Detectors

Silicon is by far the most widely used semiconductor detector material. A large
majority of silicon particle detectors exploit the asymmetric p − n junction bias
in the reverse mode as a basic element. Up to recently the detector grade silicon
was produced by the so called float zone (FZ) technique, where concentration of
impurities and dopants can be precisely controlled to very low values (∼1011 cm−3).
The step further in radiation hardening of silicon detectors was the enrichment of
the float zone silicon through oxygen diffusion (DOFZ). Recently, detectors were
processed on Czochralski1 and epitaxially grown silicon and are in some respects
radiation harder than float zone detectors.

Most of the detectors used up to now were made on n-type silicon with p+
readout electrodes (see Fig. 21.12a), which collect holes. Electrons have larger
μτeff in silicon, hence n+ readout electrodes are more appropriate for high
radiation environments where the loss of charge collection efficiency is the major
problem. They are mostly realized by segmentation of n+ side of the n-type
bulk (see Fig. 21.12b), which however requires more complex processing on both
detector sides. The double sided processing can be avoided by using p-type bulk
material with n+ electrodes [29]. This is the preferred choice silicon detector type
at HL-LHC.

21.4.2.1 Effective Doping Concentration

The defects produced by irradiation lead to change of the effective doping concen-
tration. The main radiation induced defects responsible for the change of effective
dopant concentration can be found in Fig. 21.6 and consist of both donors and
acceptors.

1If magnetic field is used to control the melt flow in crucible the process is called Magnetic-
Czochralski.
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Fig. 21.13 (a) Effective doping concentration in standard silicon, measured immediately after
neutron irradiation [30] (b) Evolution of �Neff evolution with time after irradiation [31]

It is a well established, that irradiation by any particle introduces effectively
negative space charge in detectors processed on float zone silicon, which is most
commonly used. The change in effective doping concentration is reflected in the full
depletion voltage Vf d , needed to establish the electric field in the entire detector:

Vf d = e0 |Neff | W 2

2ε0ε
. (21.30)

The Vf d of initially n-type detectors (p+−n−n+), therefore decreases to the point,
where the negative space charge prevails, so called space charge sign inversion point
(SCSI). The Neff turns to negative and depleted region grows from the n+ contact at
the back. The Vf d thereafter continues to increase with fluence beyond any tolerable
value, which is usually set by the breakdown of a device (see Fig. 21.13a). The space
charge of p-type detectors (n+ − p − p+) remains negative with irradiation so that
the main junction stays always at the front n+ − p contact.

For both detector types not only deep radiation induced defects are created, but
also initial shallow dopants are electrically deactivated (removed)—so called initial
dopant removal. The initial dopant removal impacts to large extent the performance
of some detector technologies such as Low Gain Avalanche Detectors and depleted
CMOS detectors, which will be reviewed later.

Evolution of Effective Dopant Concentration—Hamburg Model

After the irradiation the defects responsible for space charge evolve with time
according to defect dynamics described by Eqs. (21.3), (21.4). The time scale of
these processes varies from days to years already at close to room temperatures
which makes the annealing studies lengthy procedures. At elevated temperature the
underlying defect kinetics can be accelerated, and thus the simulation of the damage
investigation at real experiments spanning several years is possible in weeks.
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The radiation induced change in the effective doping concentration is due to
historical reasons defined as �Neff = Neff,0 − Neff (t), where Neff,0 denotes
the initial doping concentration. The fact that the radiation introduced space charge
is negative means that �Neff is positive. The evolution of Neff after irradiation
is shown in Fig. 21.13b. �Neff initially decreases, reaches its minimum and
then starts to increase. The measured evolution can be described by a so called
Hamburg model, which assumes three defects [31] all of them obeying first order
kinetics (see Eq. (21.3)). The initial decrease of �Neff is associated with decay of
effective acceptors (Na). After a few days at room temperature a plateau, determined
by defects stable in time (Nc), is reached. At late stages of annealing effective
acceptors are formed again (NY ) over approximately a year at room temperature.
The corresponding equations are:

�Neff = Neff,0 − Neff = Na(�, t) + Nc + Ny(�, t) (21.31)

�Neff = ga�eq exp

(

− t

τa

)

+ Nc + gY �eq(1 − exp

(

− t

τra

)

) (21.32)

Nc = ±Nid(1 − η(1 − exp
(−c · �eq

)
)) + gc�eq, (21.33)

where ga , gc and gY describe the introduction rates of defects responsible for the
corresponding part of the damage and τa and τra the time constants of initial and
late stages of annealing.

The stable part of the damage incorporates also initial dopant removal,
where ±Nid (negative/positive sign for donors/acceptors) denotes the concentration
of initial dopants, η fraction of removed dopants and c the removal constant.
Displacement of the initial dopant from the lattice site, deactivates it. Once
in the interstitial position, initial dopants (mainly boron and phosphorous) can
react with other defects leading to possibly new electrically active defects. The
new defects formed can also be charged, hence the removal can be partial, i.e.
Nid �= Neff,0 [32, 33]. For example, the interstitial boron can undergo different
reactions with impurities forming both donor and acceptor like defects [32]. As
the reactions can take place also with impurities the removal rate depends on their
concentration.

The initial donor (phosphorous) removal was intensively studied for high
resistivity p+ − n − n+ detectors [34], where initial donor removal is attributed
to formation of electrically inactive Vacancy-Phosphorous (V-P) complex. The
rate of removal was found to depend on initial concentration with Nid × c ≈
0.008 cm−1. The reason for such relation is unclear. It was observed that donor
removal is complete for charge hadron irradiated detectors while around half of
the initial donors remain effectively active after neutron irradiations (η ∼ 0.45 −
0.7).

The initial acceptor (boron) removal was much less studied in the n+ − p − p+
particle detectors, more for solar cells [35]. The required radiation hardness of p-
type detectors for HL-LHC is such that deep acceptors exceed the concentration of
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Fig. 21.14 Initial acceptor removal rate dependence on initial dopant concentration. The data
were obtained from measurements with different detectors/technology: pad diodes (float zone and
epitaxial), depleted (HV) CMOS and LGADs. The red markers show neutron irradiations and the
blue markers show fast charged hadron irradiations. The red and blue arrows guide the eye. Data
from Refs. [36–41]

Table 21.4 The survey of Hamburg model parameters for standard and diffusion oxygenated float
zone detectors

Standard FZ Diffusion Oxygenated FZ

Neutrons Charged hadrons Neutrons Charged hadrons

ga [cm−1] 0.018 – 0.014 –

τa [h at 20 ◦C] 55 – 70 –

gc [cm−1] 0.015 0.019 0.02 0.0053

gY [cm−1] 0.052 0.066 0.048 0.028

τra [days at 20 ◦C] 480 500 800 950

The uncertainty in the parameters is of order 10% and mainly comes from variation of silicon
materials used

initial ones by far, hence their removal was not in focus. However, new detector
technologies (LGAD, depleted CMOS) with significant/dominant concentration of
initial dopants also after foreseen fluences, triggered extensive studies of initial
acceptor removal. Similarly to donor removal c was found to depend on initial
concentration as shown in Fig. 21.14. The rate of removal is around two times larger
for fast charged hadrons and only for large initial dopant concentrations the removal
is complete (η ≈ 1).

The parameters of the Hamburg model related to radiation induced defects
(deep traps) are given in the Table 21.4 and are valid for p- and n-type silicon
detectors. For reasons that will be explained later, the model parameters are also
shown for FZ detectors which were deliberately enriched by oxygen.
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The time constants of initial (τa) and late stage annealing (τra) can be scaled
to different annealing temperatures by using Eq. (21.9). The activation energies for
initial and long term annealing are Era ≈ 1.31 eV and Ea ≈ 1.1 eV [34].

After around 80 min annealing at 60 ◦C Na,Ny � Nc and �Neff is almost
entirely due to stable defects. If the initial dopant removal is complete or initial
dopant concentration is small (with respect to to deep defects) the effective doping
concentration is given by a simple relation |Neff | ≈ gc · �eq .

Often the irradiations follow the planned operation scenario. For example at
LHC the detectors are operated at T ≈ −10◦C for 1/3 of the year then stored for
few weeks at close to room temperature and the rest of the year at T ≈ −10◦C.
The corresponding temperature history of a whole year can be compressed roughly
to 4 min at 80◦C. The whole period of operation therefore consists of multiple
irradiation and annealing steps, which is also referred to as CERN scenario [34].

The parameters of Hamburg model are used to predict the evolution of full
depletion voltage of silicon pixel (n+ − n − p+) and strip detectors (p+ − n − n+)
at LHC experiments. The agreement of predictions with measurements during LHC
operation was good, as shown on few examples in Fig. 21.15.

Fig. 21.15 The agreement of predicted and measured Vf d for (a) LHCb Velo detector [42], (b)
ATLAS-Insertable B layer pixel detector [43] (c) CMS—strip detectors in the outer region [44].
For (b) the prediction is denoted by black dots and measurements as bars with different colors
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As can be seen in Figs. 21.15, the agreement of Hamburg model with measure-
ments is reasonable and allows for predictions of operation up to the end of their
lifetime at LHC. It is evident that careful planning of maintenance and technical
stops is required to keep Vf d as low as possible. Even though oxygen rich silicon
was used for ATLAS pixel detectors, they will be operated under-depleted at least
for some time at the end of LHC operation. The depleted region after space charge
inversion grows from the pixel side and for Vbias < Vf d the detector performance
is similar to that of somewhat thinner detector, still providing efficient tracking.

On the other hand irradiated strip detectors at LHC (p+ − n − n+) require at all
times Vbias > Vf d as the region around the strips needs to be depleted for achieving
sufficient charge collection efficiency. The maximum bias voltage for e.g. ATLAS
strip detectors is set to 450 V, which is sufficient for full depletion over the entire
operation program before the HL-LHC upgrade. Standard float zone detectors are
used for the fact that the larger fraction of damage is coming from neutrons and
oxygenated detectors would therefore offer no significant advantage.

Defect Engineering

The radiation tolerance of silicon can be improved by adequate defect engineering.
Defect engineering involves the deliberate addition of impurities in order to reduce
the radiation induced formation of electrically active defects or to manipulate the
defect kinetics in such a way that less harmful defects are finally created. It has
been established that enhanced concentration of oxygen in FZ detectors reduces the
introduction rate of stable defects by factor of ∼3 after charged hadron irradiations
(see Table 21.4). The most likely explanation is that oxygen acts like a trap
for vacancies (formation of an uncharged V-O complex) and therefore prevents
formation of charged multi-vacancy complexes. In addition, Oxygen is also related
to formation of deep donors (see Fig. 21.6).

On the opposite carbon enhances the concentration of vacancies as it traps
interstitial silicon atoms and reduces the recombination. Since the concentration of
oxygen is not high enough in the disordered regions-clusters, it has little or no effect
after neutron irradiations. Different stable damage in neutron and charged hadron
irradiated detectors at equal NIEL is an evidence of NIEL hypothesis violation.
The diffusion oxygenated float zone detectors are used for the inner-most tracking
detectors at LHC, where significant reduction of Vf d is required as shown in
Fig. 21.15.

The oxygen concentration in DOFZ detectors is around 2·1017 cm−3, which is up
to an order of magnitude lower than the oxygen concentration in Czochralski (Cz)
silicon. They have only recently become available as detector grade material with
resistivity (>1 k
cm) high enough to allow production of 300µm thick detectors
[45]. The increase of Vf d after irradiation was found to be smaller or equal to that
of DOFZ detectors as shown in Fig. 21.16a. Moreover, for n-type Cz detectors (less
evident in p-type Cz) stable donors (gc ∼ −5 · 10−3 cm−1) are introduced instead
of acceptors after fast charged hadron and γ -ray irradiations. The oxygen in form
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of a dimer [O2i], which is more abundant in Cz than FZ detectors, is likely to be
responsible. It is a precursor for formation of radiation induced shallow donors
(thermal donors) [46]. The reverse annealing in Cz detectors has approximately
the same amplitude as in FZ but is delayed to such extent that may not even play
an important role at future experiments. The different sign of gc and gY produce
a different shape of Neff annealing curve (see Fig. 21.16). During the short term
annealing the Vf d increases and then starts to decrease as acceptors formed during
late stages of annealing compensate the stable donors. Eventually the acceptors
prevail and the Vf d starts to increase again.

Another interesting material is epitaxial silicon grown on low resistivity Cz
substrate [47]. Stable donors are introduced after charge hadron irradiation with
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rates depending on the thickness of the epitaxial layer (gc = −4 · 10−3to − 2 ·
10−2 cm−1, for thickness of 150–25µm). They exhibit also the smallest increase of
|Neff | after neutron irradiations, but are only available in thicknesses up to 150µm.

Control of Space Charge

The opposite sign of gc and gY and |gY | > |gc| opens a possibility to control Vf d

with a proper operation scenario and to keep it low enough to assure good charge
collection (see Fig. 21.16b).

This has been demonstrated with thin epitaxial detectors which were irradiated
in steps to �eq = 1016 cm−2 and annealed for 50 min at 80◦C during the steps
which is roughly equivalent to room temperature storage during non-operation
periods at LHC or HL-LHC (see Fig. 21.17) [48]. The compensation of stable
donors by acceptors activated during the irradiation steps resulted in lower Vf d

after �eq = 1016 cm−2 than the initial Vf d . Allowing detectors to anneal at room
temperature during non-operation periods has also a beneficial effect on leakage
current and trapping probability as will be shown later.

The use of silicon material with opposite sign of stable damage for neutrons and
charged hadrons can be beneficial in radiation fields with both neutron and charged
hadron content. The stable acceptors introduced by neutron irradiation compensate
stable donors from charged hadron irradiations and lead to reduction of Vf d as
demonstrated in [49]. An example is shown in Fig. 21.17b for MCz n-type pad
detectors which were irradiated by 23 GeV protons (open symbols) and then by
neutrons (solid symbols). The additional neutron irradiation decreases the Vf d .
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21.4.2.2 Electric Field

The occupation probability (Eq. (21.15)) of a deep level is determined by its position
in the band gap, temperature and concentration of free carriers. The occupancy
of initial shallow dopants is largely unaffected by p, n, T and Neff is constant
over the entire bulk. The irradiation introduces deep levels which act as generation
centers. Thermally generated carriers drift in the electric field to opposite sides (bulk
generation current). The concentration of holes is thus larger at the p+ contact and
of electrons at the n+ contact. Some of these carriers are trapped and alter the space
charge i.e. steady state Pt in Eq. (21.14). As a result the Neff is no longer uniform,
but shows a spatial dependence, with more positive space charge at p+ and more
negative at n+ contact Such a space charge distribution leads to an electric field
profile different from linear.

The electric field profile can be probed by measuring the current induced by
the motion of carriers generated close to an electrode (so called Transient Current
Technique). They drift over the entire thickness of detector. The measured induced
current at time t after the injection, is then proportional to the electric field, at the
position of the drifting charge at time t according to equation i = −q �Ew · �v. An
example of such a measurement can be seen in Fig. 21.18b, where carriers at the
back of the detector (n+ contact) are generated close to electrode by a short pulse of
red light. The shape of the current depends on the voltage and temperature. At lower
voltages and higher temperatures the electric field shows two peaks, which can only
be explained by the space charge of different signs at both contacts. This is usually
referred to as “double junction” profile [50, 51], the name indicating that the profile
is such as if there were two different junctions at both contacts (p+ − n p − n+
structure). This is evident for under-depleted detectors where both junctions are
separated by an un-depleted bulk. Usually one of the regions dominates spatially
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drift of holes from n+ side to p+ side in 300µm thick oxygenated detector irradiated with 23 GeV
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(also called the “main junction”) which determines the predominant sign of the
space charge and annealing properties. The space charge profile depends on the
balance between the deep levels which occupation depends on n, p and shallow
defects mostly unaffected by n, p.

Apart from thermally generated carriers the non-equilibrium carriers which
modify the electric field can also be generated by ionizing particles or continuous
illumination of detector by light [52].

Modeling of the Field

Even more precise insight in electric field, particularly for heavily irradiated detector
(�eq > 1015 cm−2), is obtained by a more elaborate technique called Edge-TCT
[53] shown in Fig. 21.19, where the polished edge of the silicon strip detector
is illuminated by narrow beam of infra-red light. The induced current measured
promptly after light injection is proportional to the sum of the drift velocities of
electrons and holes at a given depth of injection. The drift velocity profile of an
detector is hence obtained by scanning over the edge of the detector at different
depths. The profiles of heavily irradiated silicon detectors are shown in Fig. 21.20.

The velocity profile in detector moderately irradiated with neutrons (Fig. 21.20a)
deviates only slightly from simple model of constant Neff inside the bulk, while
at higher fluence (Fig. 21.20b) the electric field shows typical “double junction”
behavior, with some remarkable features:

• the main junction penetrates deeper than expected using gc measured at low
fluences

• the high field region at the back extends deep into the detector
• the electric field is present in the whole bulk even at very modest voltages
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y = 0 µm

• the velocity in the neutral bulk is very high reaching almost a third of the
saturation velocity at very high bias voltages

The appearance of the electric field in the neutral bulk can be explained by the
increase of undepleted bulk resistivity and increase of generation current. As both
increase also higher field is required for transport of thermally generated carriers
across the detector in a steady state.

The electric field in charged hadron irradiated detectors is almost symmetrical at
lower fluence (Fig. 21.20c) and becomes similar to neutron irradiated ones only at
very high bias voltages (Fig. 21.20d). Already at 500 V the detector is fully active
after receiving �eq = 1.8 · 1015 cm−2. The reason for such behavior is not clear,
but points to higher oxygen content of the silicon wafers and different energy levels
associated with changes of Neff with respect to the neutron irradiated detectors.

Extraction of electric field from velocity profile is not straightforward [53], due
to large uncertainties arising from saturation of drift velocity with the electric field.
Instead of precisely modeling Neff (y) several key parameters can be extracted from
the measured velocity profiles which can be used to constrain/anchor any electric
field model, either effective or calculated from known defects. These parameters are
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Fig. 21.21 (a) Simplest effective space charge and electric field model in irradiated strip detectors.
(b) Extraction of key parameters determining electric field from the measured velocity profile

shown in Fig. 21.21 and are:

• depth of active region with negative space charge extending from the electrode
side yact

• velocity in undepleted bulk vbulk

• depth of positive space charge region at the back of the detector W − yback

• velocity at the back of the detector vback

The parameters extracted for neutron irradiated detectors are shown in Fig. 21.22.
The change of active region depth yact with voltage is compatible with gc up to
the fluence of �eq < 2 · 1015 cm−2, while a three times lower gc was extracted
at �eq = 1016 cm−2. Drift velocity in neutral bulk increases both with fluence and
voltage, while the depth of the active region at the back is less dependent on fluence.

It is clear that in heavily irradiated detectors (�eq > 1 − 2 · 1015 cm−2) the Vf d

doesn’t serve as a relevant parameter determining the active thickness as the whole
detector becomes active with irradiation.

21.4.2.3 Charge Multiplication

The increase of Neff with irradiation and high applied bias voltages lead to very
high electric fields close to electrodes. They can become high enough so that the
electrons gain enough energy in its free path to create new e–h pairs, a process
called impact ionization. After drifting over the distance dx the number of free
carriers increases by

dNe,h = αe,h Ne,h dx (21.34)

where αe,h are the impact ionization coefficients for electrons and holes [54, 55].
Charge multiplication through impact ionization is a well known process and widely



21 Solid State Detectors for High Radiation Environments 999

)b()a(

 [V]biasV

m
]

μ  [
ac

t
y

0

50

100

150

200

250

300

-2 cm161x10
-2 cm155x10
-2 cm152x10
-2 cm151x10

nirr.

 [V]biasV

sa
t

/v
bu

lk
v

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-2 cm161x10
-2 cm155x10
-2 cm152x10
-2 cm151x10

)d()c(

 [V]biasV

sa
t

/v
ba

ck
v

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

-2 cm161x10
-2 cm155x10
-2 cm152x10
-2 cm151x10

 [V]biasV

0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900

0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900

m
]

μ [
ba

ck
y

0

50

100

150

200

250

300

-2 cm161x10
-2 cm155x10
-2 cm152x10
-2 cm151x10

Fig. 21.22 The relevant parameters of the electric field in the neutron irradiated silicon detector—
see Fig. 21.21 for explanation

exploited in Avalanche Photo Diodes and Si-Photo-multipliers. It was however not
observed directly in irradiated silicon detectors. Prediction of detector performance
a decade ago based on extrapolation of damage parameters to fluences well above
�eq > 1015 cm−2 greatly underestimated the charge collection and detection
efficiency.

Part of this, better than expected, performance can be attributed to favorable
electric field profile, part to smaller trapping (discussed later) and part to charge
multiplication. A key factor was improved high voltage tolerance of detectors which
allowed application of bias voltages exceeding 1 kV.

Charge multiplication has since been undoubtedly observed with charge col-
lection efficiency CCE > 1 in pad detectors [56], 3D detectors [57] and mostly
strip detectors [58, 59] (see Fig. 21.23a). Another direct evidence came from TCT
measurements where the drift of holes produced in multiplication was clearly
observed as shown in Fig. 21.23b. There are several aspects of charge multiplication
that make it difficult to control and master:

• Charge multiplication is geometry/process dependent; fields between 15–
25 V/µm are required to produce sizable gain (∼1 e0/µm). To achieve high
gains the shape of implant and segmentation of electrodes (pitch and implant
width) are very important. Strong field focusing close to implant edges leads to
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Fig. 21.23 (a) Measured charge collection dependence on voltage for 140 and 300µm thick strip
detectors. The red line denotes the charge measured in non-irradiated 140µm thick detector. (b)
Induced current pulses in strip detector for different depths of Edge-TCT injection. The second
peak in the induced current pulses is due to multiplied holes drift

higher gains. This is also the reasons why larger gains were observed in highly
segmented detectors.

• Charge gain depends on the hit position within the electrode. In highly irradiated
strip detectors higher gain was observed for tracks few µm away from the
implant, where the electric fields are highest [60].

• The holes produced in multiplication are trapped by deep defects (change of free
hole concentration, p, in Eq. (21.15)) which reduce the negative space charge—
act as a feedback. Therefore gain increases moderately with voltage and is usually
limited to factors below <10.

• Gain can vary on time scale of days when detector is under bias [61].
• It is difficult to parametrize the field and reliably simulate the operation.

Annealing Performance of Highly Irradiated p-type Detectors Active bulk and
charge multiplication have an important impact on performance of p-type detectors
after annealing. Increase of Neff with time and consequent increase of electric field
increases gain. On the other hand smaller high field region near the electrodes affects
less the performance due to significant field in the neutral bulk. A typical annealing
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Fig. 21.24 Dependence of charge collection on annealing time at 60 ◦C at different bias voltages
at (a) �eq = 1 · 1015 cm−2 and (b) �eq = 5 · 1015 cm−2 [62]

performance is shown in Fig. 21.24a. At lower voltages charge collection increases
during short term and decreases during long term annealing (red band), which is
in agreement with evolution of effective doping concentration. At higher voltages
the charge multiplication compensates the decrease of active region (blue band) and
at highest voltages overcompensates it, resulting in smallest charge collection for
completed short term annealing (green band). At higher fluences and voltages shown
in Fig. 21.24b the beneficial effect of long term annealing is even more pronounced.

Noise The increase of noise due to multiplication can diminish the benefits or even
deteriorate the performance in terms of signal/noise ratio. The details about the noise
in multiplication mode will be discussed at in the section on electronics.
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21.4.2.4 Charge Trapping

The decrease of charge collection efficiency is determined by the trapping term and
the product �E · �Ew in Eq. (21.29). At fluences beyond that at LHC the trapping
term dominates and ultimately sets the limit of efficient operation. The influence of
trapping on charge collection can be clearly seen for a fully depleted detector, where
the degradation of the induced charge is exclusively due to trapping. The collected
charge degrades with fluence as shown in Fig. 21.25a. The degradation is severe and
around half the charge in non-irradiated detector (12000 e0) are measured at Vf d

for �eq ∼ 1015 cm−2. The induced charge increases further for bias voltages larger
than Vf d . Higher electric field reduces the drift time and by that the influence of
trapping term.

If the deep levels responsible for trapping are constant in time or change with a
first order process (see Eq. (21.5)), then at any time after irradiation their concen-
tration is linearly proportional to the fluence. Under this assumption Eq. (21.19) can
be rewritten as

1

τeff e,h

= 1

τeff 0e,h

+ βe,h(t, T )�eq, (21.35)

where βe,h is called effective electron and hole trapping damage constant which
depends on temperature, time after irradiation and irradiation particle. In detector
grade silicon the effective trapping probability of a non-irradiated detector 1

τeff 0e,h

is negligible and is usually omitted from Eq. (21.35). Alternatively the trapping
distance can be defined as

λe,h = μe,hτeff e,h
E (21.36)

measuring the distance the carriers drift before being trapped.
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The trapping times in silicon were systematically measured with Transient
Current Technique [63]. The trapping probabilities for 23 GeV protons are shown in
Fig. 21.25b. At �eq ∼ 1015 cm−2 the effective trapping times are around few ns.

The trapping damage constant was studied as a function of different material
properties: resistivity, oxygen concentration, carbon concentration, wafer produc-
tion (MCz, FZ, epi-Si) and type of silicon (p-type or n-type). It was found, within
the error margin, not to depend on any, thus being universal for silicon. The average
values of β for neutrons and charged hadrons are given in the Table 21.5 [65]. It
shows that the trapping probability for electrons is smaller than for holes. The NIEL
hypothesis is slightly violated as charged hadrons produce more damage than reactor
neutrons.

The evolution of trapping probability with time after irradiation is described in
the simplest model by the decay of the dominant trap to another dominant trap
(Eq. (21.3)) or a model with two traps one constant in time and one that decays.
Both models can be described by the following equation [63]

βe,h(t) = β0e,h
· e

− t
τta,e,h + β∞e,h

· (1 − e
− t

τta,e,h ) (21.37)

with β0e,h
and β∞e,h

the trapping rates at early and late annealing times, respectively.
For the annealing temperatures of interest β0 is very close to β measured at the
end of short term annealing (β(tmin)) given in Table 21.5. There is a distinctive
difference between annealing of effective trapping times for holes and electrons.
The trapping probability of holes increases with annealing time and that of electrons
decreases (see Fig. 21.26) irrespective of material properties and type of irradiation

Table 21.5 Trapping time damage constants for neutron and fast charged hadron irradiated silicon
detectors measured after the end of short term annealing [65]

tmin, T = −10◦C βh [10−16 cm−2/ns] βe [10−16 cm−2/ns]

Reactor neutrons 4.7 ± 1.2 3.5 ±0.6

Fast charged hadrons 6.6 ± 1.1 5.3 ±0.5

Fig. 21.26 Annealing of
1/τeff,e,h for a detector
irradiated with neutrons to
�eq = 1.5 · 1014 cm−2
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Table 21.6 Parameters used
to model annealing of
effective trapping times

τta [min at 60 ◦C] (β0 − β∞)/β0) Eta [eV]

Electrons 650±250 0.35±0.15 1.06 ± 0.1

Holes 530±250 0.4±0.2 0.98 ± 0.1

Fig. 21.27 Effective trapping
probability measured at high
fluences of charged hadrons
[66]. The red and blue bands
indicate the predictions of
trapping probability of holes
and electrons from Table 21.5
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particle. The parameters describing annealing of effective trapping probabilities
are shown in Table 21.6. The activation energy Eta should be used in Eq. (21.9)
for scaling τta to different temperatures. The βe,h depends only moderately on
temperature [63]. At temperatures of interest for most applications the trapping
probabilities for both holes and electrons decrease with temperature by around 10–
20% if the temperature changes from −20◦ to 20 ◦C.

The linear relation of Eq. (21.35) breaks down at equivalent fluences higher
than ∼1015 cm−2, where it starts to exhibit saturation. Unfortunately the TCT
can not be directly used to measure trapping probabilities and values have be
extracted by combining both TCT and CCE measurements with simulations. The
study performed by CMS collaboration is shown in Fig. 21.27 [66]. It can be seen
that already at few times 1015 cm−2 the effective trapping probabilities deviate
significantly from linear. Recently studies [67] showed that at extreme fluences of
∼1017 cm−2 the trapping probability is around an order of magnitude smaller than
predicted from the low fluence measurements.

21.4.2.5 Generation Current

The defects influencing the generation current (Eq. (21.22)) were found to either
dissociate or are constant in time. The bulk damage-induced increase of the reverse
current (�I ) exhibits therefore a simple dependence on particle equivalent fluence
at any time after irradiation

�Igen = α(t, T ) V �eq, (21.38)
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(a) (b)

Fig. 21.28 (a) Dependence of bulk generation current on fluence for different detectors after
80 min storage at 60 ◦C. (b) Annealing of leakage current damage constant (after [31])

where V is the active volume (V = S w) and α the leakage current damage constant.
The bulk generation current scales with NIEL, hence the leakage current damage
constant is independent of the silicon properties and irradiation particle type as
shown in Fig. 21.28a [68]. The measured value of the leakage current depends
exponentially on the operating temperature as (see terms in Eq. (21.22))

Igen(T ) ∝ T 2 exp
(−Eg/2kBT

)
, (21.39)

and accordingly all α-values can be scaled to any temperature.
The damage induced bulk current undergoes also a temperature dependent

beneficial annealing, described by

α(t) = α1 exp

(

− t

τα

)

+ α0 − α2 ln

(
t

tnorm

)

, (21.40)

with α0 = 5.03·10−17 A/cm, α1 = 1.01·10−17 A/cm, α2 = 3.34·10−18 A/cm, τα =
93 min and tnorm = 1 min all measured at 60 ◦C. The first term in the Eq. (21.40)
describes the decay of the defect and the second contribution of the defects constant
in time. The last term is associated with the decay of the cluster, a conclusion based
on its absence in 60Co irradiations [68]. The leakage current annealing can be seen
in Fig. 21.28b. Universality of the annealing described by Eq. (21.40) can be used
to reliably monitor the equivalent fluence of particle sources even in cases of wide
energy distributions. As a standard α(80 min at 60◦C, 20◦C) = 4 · 10−17 A cm−1

is used.
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Fig. 21.29 Dependence of leakage current on annealing time at different voltages. The increase
of leakage current with annealing is due to charge multiplication (from Ref. [62])

Leakage Current in Presence of Charge Multiplication

For devices with gain the leakage current is given by the current gain M2 and
generation current I = M · Igen. An example of the leakage current increase at
high bias voltages during annealing is shown in Fig. 21.29. One should however be
careful as the increase of leakage current at high bias voltages can also be attributed
to other effects such as the onset of thermal runaway or rise of the surface current,
however without clear increase of the collected charge.

21.4.2.6 Alternative Ways of Operation

The key reason for changes in performance of an irradiated detector are deep traps.
The manipulation of their occupancy therefore has an influence on the detector
properties. Variation of the operation temperature and/or concentration of free
carriers can be used to change the occupancy of deep traps. The first observation
of charge collection efficiency recovery after gradually cooling down the heavily
irradiated silicon detector from room temperature to cryogenic temperatures (see
Fig. 21.30a) was reported in [69] and referred to as “Lazarus effect”. However the
operation of silicon detectors under reverse bias turned out to be very sensitive
to previous biasing conditions and ionizing particle rates. The signal varies with
time after exposure to ionizing particles as shown in Fig. 21.30b. The trapping of
the drifting carriers enhances the space charge of different signs at both detector
contacts (see Sect. 21.4.2.2) to the point where the applied voltage is insufficient
to establish the electric field in the entire detector. As a consequence the charge

2Current and charge gains can be in principle different, but have been so far observed to be very
similar.
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Fig. 21.30 (a) Charge collection efficiency in 400µm thick detector irradiated to 1015 cm−2 in
forward and reverse direction. (b) The dependence of CCE on voltage at T = 77 K in both
forward and reverse direction of a detector irradiated to 2 · 1015 cm−2

collection efficiency is reduced. The phenomena of polarization of the detector by
trapped charge is not unique to silicon and is present also in other semiconductors.
Since emission times depend on Eg/(2 kB T ), silicon at cryogenic temperatures
behaves similarly as wide band gap semiconductors at room temperature.

At cryogenic temperatures a more stable operation is achieved with detectors
biased in forward direction [70] (see Fig. 21.30a,b). The resistivity of the bulk
increases with irradiation and it effectively becomes a heavily doped insulator.
Applied bias in forward direction injects carriers in the detector. These are trapped
at deep levels and affect the electric field. The predominately negative space charge
is naturally compensated by injection of holes. The electric field grows from E ≈ 0
at the injection point towards the other contact with the square root of the distance
x from the injecting junction [71]

E(x) = 3 V

2 W

√
x

W
. (21.41)

The electric field extends through the entire detector thickness regardless of the
applied voltage or concentration of the deep levels. This is an important advantage
over the biasing of detectors in reverse polarity. The drawback of forward bias oper-
ation is the increased current, requiring intensive cooling. The current dependence
on voltage is quadratic (I ∝ V 2), followed by a sharp rise at threshold voltage VT as
shown in Fig. 21.31. It happens when the space charge saturates due to filling all the
traps and current can not be limited by increasing the concentration of the trapped
carriers, therefore VT ∝ �eq . An important feature of this mode of operation is
the fact that the current at a given voltage progressively decreases with fluence (see
Fig. 21.31), approximately as I (�eq) ∝ �−1.5

eq . The larger the concentration of traps
the smaller is the current which is needed to adjust the electric field. Nevertheless,
it is still larger than in reverse direction.

In principle, a p+ − n − n+ structure should inject holes and electrons, which
would not produce the aforementioned properties. However it turns out that at n+
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Fig. 21.31 Leakage current-voltage characteristics in forward mode of operation

contacts electrons are not injected [71]. The symmetric structure p+−n−p+, where
only holes are injected, has the same properties pointing to the same underlying
physics process. The same condition of carrier injection can be also achieved
in reverse bias mode by continuous illumination of one side by light of short
penetration depth [72]. The injected carries establish the same condition as under
forward bias and the Eq. (21.41) applies.

The filling of deep levels affects effective trapping probabilities of electrons
and holes. Measurements have shown that the same charge collection efficiency
is achieved as for a fully depleted detector at few times smaller bias voltage [70, 73]
(see Fig. 21.30b). Smaller bias results in smaller average electric field and therefore
longer collection times. As the reduction of charge collection efficiency depends in
first approximation on the ratio of the drift time to the trapping time of the carriers,
the latter must be longer than under the reverse bias.

It is obvious that forward bias operation mode becomes usable once the detectors
are already heavily irradiated. There are two ways of how to use detectors in real
experiments. With read-out electronics sensitive to both polarities detectors can be
first used in reverse and later in forward direction or the detectors are irradiated
before being used. In general the use of the forward bias means replacing the
problem of the high voltage required for the reverse bias operation by the problem
of a high dark current. Therefore detectors with small element size (i.e. pixels) are
more suitable for this mode of operation.

21.4.2.7 3D Detectors—A Radiation Harder Detector Design

One approach to address the issue of radiation damage are optimized detector
geometries. A good example of radiation hard detector design are so called 3D
detectors. An schematic view of such detector is shown in Fig. 21.32 [74]. The
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Fig. 21.32 (a) The schematic view of the 3D detector (left). The view of the detector surface
(middle); gray n+ electrodes, dark gray p+ electrodes, black metal line, black dot the bump-bond.
The dashed line marks the pixel cell with three columns. Qt

e/Q
t for different tracks: p1=1, p2=0.5

in p3=0 (right). (b) Layout of a single cell/pixel of an IBL 3D detector (2 electrode configuration—
2E) and of HL-LHC detector with both options 1E and 2E. The maximum drift length of carriers
is indicated

electrodes in such detectors are perpendicular to the surface. Such placement of
electrodes has two beneficiary effects for heavily irradiated detectors. The small
distance between the electrodes effectively reduces the full depletion voltage. Even
more importantly, the drift length of carriers is reduced and therefore the probability
of drifting carriers to get trapped (τeff,e,h � tdrif t ). As the signal (number of e-
h pairs in Eq. (21.29)) is determined by the detector thickness, vertical electrode
configuration ensures good charge collection at moderate voltages. Several columns
can be connected together to form pixel cells or strips (Fig. 21.32b). The thickness
of the detector is limited by the deep reactive ion etching process used to produce
holes. The standard aspect ratio (hole length/hole diameter) is around 24. Apart from
a more complex processing, which can be simplified by electrodes not penetrating
fully the detector [75, 76], there are some drawbacks of the 3D design:

• Reducing the inter-column spacing results in higher inter-electrode capacitance
• Columnar electrodes are a non-active part of the detector volume and can lead

to particle detection inefficiency; most of the tracks in experiments are, however,
inclined which mitigates the problem.
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• Induced charge depends on the hit position of the particle track. Unlike in planar
detectors, the ratio Qt

e/Q
t varies between 0 and 1 across the detector and can

affect the position resolution and efficiency (see Fig. 21.32c).

Nevertheless, these detectors are often first choice for tracking detectors at highest
fluences. ATLAS pixel detector (Insertable B Layer—IBL) [77] saw the first
application of 3D detectors for tracking in high energy experiments, covering
25% of the total IBL surface at both sides of the staves. The 3D technology is
improving with different ways of processing the detectors with single-sided process
or more elaborate double sided processing with possibility of active/slim edges
reducing the inactive part at the detector border. Efficient charge collection was
achieved also for sensors where columns don’t penetrate the whole depth. Such
a design improves the yield of sensor production. The latter remains one of the
main concerns for 3D technology reaching around 50–60% for the IBL module
production [78].

At HL-LHC the 3D detectors are planned for the first pixel layer. A small cell
size will have a single junction column (cell 50 × 50µm2) or two columns (cell
25 × 100µm2), where the maximum drift distances will be reduced to mere 37 and
28µm making these detectors extremely radiation hard. The first beam tests with
such 230µm thick detectors showed [79] 97% detection efficiency for perpendicular
tracks after extreme fluences of 2.5 · 1016 cm−2 at >200 V using IBL readout
electronics (FE-I4) [80].

21.4.2.8 Timing Detectors

At HL-LHC coping with large particle fluxes emerging from collisions will be an
enormous challenge. On average 200 p-p collisions will occur every 25 ns, with
collision points distributed normally along the beam with σz = 5 cm and in time
with σt = 180 ps. Resulting track and jet densities in the detector complicate the
analysis of the underlying reactions that took place. A way to cope with that problem
is separation of individual collisions also in terms of time of occurrence within each
bunch crossing. This is particularly important for tracks/jets in forward direction for
which the position resolution of primary vertex is much worse (∼1 mm). If tracks
are not resolved in time, this can lead to false vertex merging. A timing resolution
of around 30 ps with respect to the HL-LHC clock is required to successfully cope
with pileup. Such an outstanding single particle timing resolution was up to recently
impossible with silicon detectors.

Three factors determine the timing resolution of each sensor: time walk which
is a consequence of non-homogeneous charge deposition by an impinging particle,
noise jitter (σjitter = trise/(S/N)) and resolution of time-to-digital conversion.
Standard silicon detectors of 300µm are not appropriate for precise timing mea-
surement as the integration time to collected all the charge and consequent rise time
trise are large, hence the jitter. In addition fluctuations, not only of the amount of the
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charge (time walk correctable by e.g. constant fraction discrimination), but also of
the deposition pattern (non-correctable time walk)—so called Landau fluctuations—
ultimately limit the time resolution to effectively >100 ps [81]. High enough
signal-to-noise S/N in thin detectors can be achieved by using so called Low Gain
Avalanche Detectors (LGAD) [82].

They are based on a n++ −p+ −p−p++ structure where an appropriate doping
of the multiplication layer (p+) leads to high enough electric fields for impact
ionization (see Fig. 21.33) [82]. Gain factors in charge of few tens significantly
improve the resolution of timing measurements, particularly for thin detectors. The
main obstacle for their operation is the decrease of gain with irradiation, attributed
to effective acceptor removal in the gain layer [41]. A comprehensive review of time
measurements with LGADs is given in Ref. [83].

The most probable charge in 50µm and 80µm thick pad devices before and
after irradiation is shown in Fig. 21.34a. As soon as multiplication layer is depleted
the gain appears. At lower fluences the gain degradation at the depletion of
multiplication layer (around 40 V) can be clearly seen. At higher fluences the
gain appears at high bias voltages where over-depletion ensures that high enough
electrical fields are reached; above �eq > 1015 cm−2 the onset of multiplication
is observed only at highest voltages of around 700 V. Such voltages correspond
to very high average fields of 15 V/µm. At fluences �eq > 2 · 1015 cm−2 the
beneficial effect of multiplication layer is gone. The devices of the same design
without multiplication layer show similar behavior as LGADs. The time resolution
of LGADs was extensively measured in the test beams [84] and with 90Sr electrons.
It is shown in Fig. 21.34b for the 50µm thick non-irradiated devices.

At very large fluences of �eq > 2 · 1015 cm−2 the gain, although lower
than the initial, appears due to deep traps (see section on charge multiplication)

Fig. 21.33 Schematic view
of the Low Gain Avalanche
Detector
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([cm−2]). (b) Measured and simulated induced current pulse shape at different irradiation levels.
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and the timing resolution degrades only moderately (see Fig. 21.35a). Moreover,
multiplication in larger volume of the bulk results in faster rise time of the induced
current which at given gain leads to better timing resolution (see Fig. 21.35b).

The leakage current in LGADs follows the same equation as discussed in section
on charge multiplication. Hence, the gain can be calculated from measurement of
leakage current and calculated generation current [85, 86].

A lot of effort was spend in recent years to increase the radiation hardness of
LGADs by mitigating the acceptor removal. The efforts concentrated to use of co-
implantation of carbon [87] to multiplication layer aiming to reduce the removal
constant or replacing boron with gallium, which should be more difficult to displace
[87, 88].
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Fig. 21.36 Schematic view of the pCVD diamond detector

21.4.3 Diamond Detectors

Although the specific ionization in diamond detectors is around three times smaller
than in silicon, larger detector thickness, small dielectric constant, high break down
voltage and negligible leakage current make them the most viable replacement for
silicon in the highest radiation fields.

The intrinsic concentration of carriers in diamond is extremely low (good
insulator, ρ > 1016 
cm). The detectors are therefore made from intrinsic diamond
metallized at the back and the front (see Fig. 21.36) to form ohmic contacts.
Most of the diamond detectors are made from poly-crystalline diamond grown
with chemical vapor deposition technique (CVD). Recently also single crystalline
(scCVD) detectors have become available. The quality of the poly-crystalline
(pCVD) diamond as a particle detector depends on the grain size. The grains in
this material are columnar, being smallest on the substrate side, and increasing in
size approximately linearly with film thickness.3 Crystal faults at the boundaries
between the grains give rise to states in the band gap acting like trapping centers.

A widely used figure of merit for diamond is its charge collection distance
(CCD), which is defined as

CCD = Qt

ρe−h

. (21.42)

The CCD represents the average distance over which carriers drift. If CCD � W ,
it is equivalent to the trapping distance λe + λh.4. After irradiation, and for pCVD
detectors also before irradiation, the CCD depends on electric field, due to reduced
probability for charge trapping at larger drift velocity. Only for non-irradiated
scCVD detectors λe,h → ∞ and the CCD = W regardless of the bias voltage

3For this reason, many detectors have the substrate side etched or polished away.
4The exact relation between the charge collection and the trapping distance is: CCD = λe [1 −
λe

W
(1 − exp(−W

λe
))] + λh [1 − λh

W
(1 − exp(− W

λh
))].
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applied. Most commonly, the CCD is defined at E =1 V/µm or E =2 V/µm,
although sometimes also CCD at saturated drift velocity is stated.

The CCD of typically 500µm thick diamond detectors has improved tremen-
dously over the last 20 years. Current state of the art pCVD detectors reach up to
300µm at 2 V/µm and are available from 6 inch wafers.

21.4.3.1 Radiation Hardness

In pCVD detector the leakage current does not increase with irradiation; moreover it
may even decrease, which is explained by passivation of defects at grain boundaries.
The current density in high quality pCVD diamond is of order 1 pA/cm2, a value
strongly dependent on the quality of metallized contacts.

Irradiation decreases the CCD for both scCVD and pCVD diamonds with
similar rate [89], pointing to the in-grain defects being responsible. It has been
observed that exposing such an irradiated detector to ionizing radiation (1010

minimum ionizing particles/cm2) improves the charge collection efficiency of
pCVD detectors by few 10%. This process is often called “pumping” or priming.
The ionizing radiation fills the traps. The occupied traps become inactive, hence the
effective trapping probability decreases. The traps can remain occupied for months
due to large emission rates if kept in the dark at room temperatures. Once detectors
are under bias the ionizing radiation leads to polarization of detectors, in the same
way as in silicon, but with the polarization persisting over much longer times.
The measurements of charge collection can therefore depend on previous biasing
condition and relatively long times are needed to reach steady state of operation.

The irradiation decreases the trapping distance of electrons and holes proportion-
ally to the fluence. The relation can be derived by inserting the effective trapping
time (Eq. (21.35)) in the expression for the trapping distance (Eq. (21.36)):

1

λe,h

= 1

λ0e,h

+ Ke,h · �, (21.43)

where λ0 denotes the trapping distance of an unirradiated detector and Ke,h the
damage constant. Assuming λe ≈ λh and λe + λh � W for simplicity reasons,
CCD dependence on fluence can be calculated as:

1

CCD
≈ 1

CCD0
+ K �. (21.44)

Although only approximate the Eq. (21.44) fits the measurements well over
a large fluence range as shown in Fig. 21.37a. The extracted damage constant
K (∼1/2 Ke,h) from source and test beam data for particles of different energy
and spectrum are gathered in Table 21.7. For high fluences the second term in
Eq. (21.44) prevails and the scCVD and pCVD diamonds perform similarly. At
� = 2 · 1016 cm−2 of 23 GeV protons the CCD ≈ 75 µm which corresponds
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Table 21.7 Charge collection distance degradation parameter for different irradiation particles
[89–92]

70 MeV 800 MeV 23 GeV p 200 MeV π Reactor neutrons

K[10−18 µm−1cm−2] 1.76 1.21 0.65 ∼3.5 ∼3 − 4

to mean charge of 2770 e0. At lower fluences the first term dominates and for
CCD0 ∼ 200 µm CCD only decreases by 15% after 1015 cm−2 of 23 GeV protons.

The homogeneity of the response over the detector surface, which is one of the
drawbacks of pCVD detectors, improves with fluence for pCVD as the collection
distance becomes smaller than grain size. For the same reason also the distribution
of energy loss in pCVD detector, initially wider than in scCVD, becomes narrower
(Fig. 21.37b). The energy loss distribution in pCVD diamond is Gaussian, due to
convolution of energy loss distributions (Landau) in grains of different sizes.

One of the main advantages of the diamond is the fact that at close to room
temperatures no annealing or reverse-annealing effects were observed.

The drawbacks of grains in pCVD detectors can be largely overcome by using
3D diamond detectors [93], who share the same concept with silicon detectors
(see Fig. 21.38). The vertical electrodes are produced by focused laser light which
graphitizes the diamond. Whether the vertical electrode serves as cathode or anode
depends on metal bias grid on the surface of the detector. Very narrow electrodes
of ∼2 µm diameter can be made along 500µm thick device with low enough
resistivity to allow good contacts and doesn’t increase the noise. Such a good aspect
ratio allows even smaller cell sizes than in silicon.

The first tests showed >75% charge collection efficiency in 500µm pCVD
diamond detector of ganged 150 × 150µm2 cells with bias voltages of only few
tens Volts [94]. A much better homogeneity of charge collection over the surface
(columns are parallel to grain boundaries) and narrower distributions of collected
charge were obtained than in planar diamond detectors.
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Fig. 21.38 Photograph of 3D diamond strip detector in black rectangle with a square cell of
150µm size. Strip detector of the same geometry with planar electrodes is shown below (from
[93])

The main problem with diamond 3D detectors is the rate of production in
particular for large area as even if laser beam is powerful enough and is split into
several parallel beams. Currently the rate is limited to roughly ten thousand holes a
day.

The diamond detectors are used also outside particle physics for particle detec-
tion such as for fusion monitoring where neutrons are detected, for alpha particle
detection, for determination of energy and temporal distribution of proton beams
and in detection of ions during the teleradiology. They are also exploited for soft
X-ray detection, where the solar-blindness and fast response of diamond detectors
are the keys of their success.

21.4.4 Other Semiconductor Materials

Silicon is in many respects far superior to any other semiconductor material in terms
of collected charge, homogeneity of the response and industrial availability. Other
semiconductor materials can only compete in niche applications where at least one
of their properties is considerably superior or where the existing silicon detectors
cannot be used. For example, if low mass is needed or active cooling can not be
provided, high leakage current in heavily irradiated silicon detectors is intolerable
and other semiconductor detectors must be used.

The growth of compound semiconductors is prone to growth defects which are
frequently unmanageable and determine the properties of detectors before and after
irradiation. If a high enough resistivity can be achieved, the detector structure can
be made with ohmic contacts. However, it is more often that either a Schottky
contact or a rectifying junction is used to deplete the detector of free carriers. Only
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a few compound semiconductors have reached a development adequate for particle
detectors. They are listed in the Table 21.2. For particle physics application some
other very high-Z semiconductor such as CdZnTe or HgI2 are inappropriate due to
large radiation length.

Silicon Carbide was one of the first alternatives to silicon proposed in [95, 96]. It is
grown as epitaxial layer or as bulk material. Even though at present the latter exhibits
a lot of dislocations (inclusions, voids and particularly micro-pipes) in the growth
and the former is limited to thicknesses around 50µm, both growth techniques are
developing rapidly and wafers are available in large diameters (10 inch). Due to the
properties similar to diamond the same considerations apply as for diamond with an
important advantage of 1.4 larger specific ionization (55 e-h/µm).

Presently the best performing detectors are produced by using slightly n-doped
epitaxial layers of ≈50µm forming a Schottky junction.They exhibit 100% charge
collection efficiency after full depletion and negligible leakage current [97]. Also
detectors processed on semi-insulating bulk (resistivities ∼1011 
cm) with the
ohmic contacts show CCD up to 40µm [96] at 1 V/µm for few hundredµm thick
material.

After irradiation with hadrons the charge collection deteriorates more than in
silicon or in diamond. For epitaxially grown SiC the degradation of CCD is
substantial with Ke ≈ 20 · 10−18 cm2/µm and Kh ≈ 9 · 10−18 cm2/µm for reactor
neutron and 23 GeV p irradiated samples at high electric fields of 10 V/µm [97, 98].
The leakage current is unaffected by irradiation or it even decreases [98].

GaAs The resistivity of GaAs wafers is not high enough for the operation with
ohmic contacts and detectors need to be depleted of free carriers, which is achieved
by Schottky contact or a p − n junction. GaAs detectors were shown to be radiation
hard for γ -rays (60Co) up to 1 MGy [99]. As a high Z material these detectors are
very suitable for detection X and γ rays.

Their tolerance to hadron fluences is however limited by loss of charge collection
efficiency, which is entirely due to trapping of holes and electrons. The Vf d

decreases with fluence [100, 101] which is explained by removal or compensation
of as grown defects by irradiation. Although larger before the irradiation, the
trapping distance of electrons shows a larger decrease with fluence than the trapping
distance of holes. The degradation of charge collection distance at an average field
of 1 V/µm (close to saturation velocity) in 200µm thick detectors is very large
Ke,π ≈ 30 · 10−18 cm2/µm and Kh,π ≈ 150 · 10−18 cm2/µm [100]. One should
however take into account that specific ionization in GaAs is four times larger than
in diamond.

The leakage current increases moderately with fluence up to few 10 nA/cm2,
much less than in silicon, and starts to saturate at fluences of around 1014 cm−2

[100, 101]. The GaAs exhibit no beneficial nor reverse annealing of any detector
property at near to room temperatures.
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GaN The GaN detectors produced on few µm thin epitaxial layer shown charge
collection degradation which is much larger than in Si [102]. Further developments
in crystal growth may reveal the potential of material.

21.4.5 Comparison of Charge Collection for Different
Detectors

The key parameter relevant to all the semiconductor particle detectors is the
measured induced charge after passage of minimum ionizing particles. The charge
collection dependence on fluence in different semiconductor pad detectors is shown
in Fig. 21.39a. A 3D pad detector (all columnar electrodes connected together)
shows best performance, while smallest charge is induced in SiC and pCVD
diamond detectors. The induced charge decreases with fluence and at most few
thousand e0 can be expected at �eq > 1016 cm−2.

Although pad detectors are suitable for material comparison the effect of
segmentation and choice of the type of the read-out electrodes determine to a large
extent the performance of the detectors. The superior charge collection performance
of segmented silicon planar detectors with n+ electrodes to pad detectors can be
seen in Fig. 21.39b. A signal of around 7000 e0 is induced in epitaxial p-type and
Fz p-type strip detectors at �eq = 1016 cm−2. At the highest fluence shown the
signal in a silicon pad detector is only half of that in a strip detector. On the other
hand a device with p+ readout performs worst of all.
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Fig. 21.39 (a) Comparison of charge collection in different detectors and materials; given are
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Vf d . All detectors were irradiated with 23 GeV protons, except 75µm epi-Si and 300µm thick
“spaghetti” diode which where irradiated with reactor neutrons. For diamond detectors the mean,
not the most probable, charge is shown. (b) Charge collection in different segmented devices; the
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markers denote neutron irradiated and open 23 GeV proton irradiated samples
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The detection efficiency, however, depends on signal-to-noise ratio, which should
be maximized. A choice of material, electrode geometry and thickness determine
the electrode capacitance which influences the noise of the connected amplifier
(Chap. 10). At given pixel/strip geometry the highest electrode capacitance has a 3D
silicon detector, followed by a planar detector with n+ electrodes, due to required
p-spray or p-stop isolation which increases the inter-electrode capacitance. Even
smaller is the capacitance of p+ electrodes which is of 1 pF/cm order for strip
detectors. The smallest capacitance is reached for diamond detectors owing to small
dielectric constant.

21.4.5.1 Operation at Extreme Fluences

A combination of trapping times saturation, active neutral bulk and charge mul-
tiplication allows silicon detectors to be efficient in radiation environments even
harsher than that of HL-LHC, approaching those of FCC. The operation of silicon
detectors was tested up to �eq = 1.6 · 1017 cm−2 and is shown in Fig. 21.40a for
short strip detectors with ganged electrodes (“spaghetti” diode). Detectors remained
operational and most probable charge of around 1000 e was measured in 300µm
thick detectors at 1000 V. At high fluences (>2 · 1015 cm−2) the collected charge is
linearly proportional with o bias voltage in whole range of applicable voltages and
the dependence of charge on voltage and fluence can be parametrized with only two
free parameters [103],

Q(V,�eq) = k · V · (
�eq

1015 cm−2 )b, (21.45)

where b = −0.683 and k = 26.4 e/V for 300µm thick detectors.
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A small cell size 3D detector (50 × 50µm2, 1E) irradiated with charged hadrons
to �eq = 2.5 · 1016 cm−2 was recently found to be fully efficient at voltages even
below 200 V (see Fig. 21.40b) [79]. A rough simulation of collected charge in such
a device based on known data predicts collected charge >3000 e0 after the fluence
of 1017 cm−2, which may be already enough also for successful tracking.

21.4.6 Radiation Damage of Monolithic Pixel Detectors

The monolithic pixel detectors, which combine active element and at least first
amplification stage on the same die, are widely used in x-ray and visible imaging
applications. Their use as particle detectors is limited for applications where
radiation environments are less severe (space applications, e+ − e− colliders),
either because of small hadron fluences or because of radiation fields dominated
by leptons and photons (see Fig. 21.3). The CCD is the most mature technology
while CMOS active pixel sensors were successfully used for particle detection in
STAR experiment at Relativistic Heavy Ion Collider over the last decade. These
detectors are more susceptible to radiation damage due to their charge collection
mechanism and the readout cycle. Recently several CMOS foundries offered a
possibility to apply high voltage which can be used for depletion of substrate on
which CMOS circuitry resides thereby enabling fast charge collection by drift. This
greatly enhanced both radiation hardness of CMOS detectors and their speed.

The principles of operation of these detectors were addressed in section on Solid
state detectors. Here on only the aspects of radiation hardness of aforementioned
detectors will be addressed.

21.4.6.1 CCDs

The CCD5 is intrinsically radiation soft. The transfer of the charge through the
potential wells of the parallel and serial register is very much affected by the
charge loss. At each transfer the fraction of the charge is lost. The charge collection
efficiency is therefore calculated as CCE = (1 − CT Ip)n × (1 − CT Is)

m, where
CT Is and CT Ip denote the charge collection inefficiency of each transfer in serial
and parallel register. An obvious way of improving the CCE is a reduction of the
number of transfers (m and n). Applications requiring high speed such as ILC, where
the readout of the entire detector (n ∼ 2500) within 50µs is neeeded, the serial
register is even omitted (m = 0) and each column is read-out separately (column
parallel CCD [104]). The CCDs suffer from both surface and bulk damage.

5CCD is often not considered to be monolithic devices.
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Fig. 21.41 The principle of
notch CCD. An additional n+
implant creates the minimum
in potential
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The increase of CT I is a consequence of bulk and interface traps. There are
several methods to improve the CT I :

• The transport of the charge takes place several hundred nm away from the surface
by using a n+ implant (buried channel), which shifts the potential minimum.
The transport is less affected by trapping/detrapping process than at the interface
traps.

• Operation of CCDs at low temperatures leads to filling of the traps with carriers—
electrons. Since emission times are long (Eq. (21.16)) the amount of active traps
is reduced.

• If the density of signal electrons (ns) is larger than the trap concentration only a
limited amount of electrons can be trapped, thus CT I ∝ Nt/ns . An additional
n+ implant can be used for buried channel CCDs to squeeze the potential
minimum to much smaller volume (see Fig. 21.41).

• The CTI depends on the charge transfer timing, i.e. on the clock shapes. The
transfer of the charge from one pixel to another should be as fast as possible to
reduce the trapping. The choice of the clock frequency, number of the phases (2
or 3) and shape of the pulses, which all affect the CTI, is a matter of optimization
(see Fig. 21.42). The transfer time from one well to another can be enhanced by
an implant profile which establishes gradient of the electric field.

• If traps are already filled upon arrival of the signal charge they are inactive
and CTI decreases. The effect can be achieved either by deliberate injection of
charges (dark charge) or by exploiting the leakage current. In the same way also
the pixel occupancy affects the CTI.

The radiation affects also operation of detectors due to surface effects. The
surface generation current which is a consequence of interface traps is in most of
the applications the dominant source of current in modern CCDs. Very rarely the
bulk damage is so high that the bulk generation current dominates. The surface dark
current can be greatly suppressed by inverse biasing of the Si-SiO2 interface [105].

The voltage shift due to oxide charge requires proper adjustment of the amplitude
of the gate drive voltages. However the supply current and power dissipation of the
gate drivers can exceed the maximum one as they both depend on the square of the
voltage amplitude.
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Fig. 21.42 Comparison of charge transfer of 2 and 3 phase CCD (P1,P2,P3 denote gate drive
voltages). Note that the potential well occupies 1/4 of the pixel volume for 2 phase CCD and up to
2/3 for 3-phase CCD. The signal charge is shaded

The CCDs can probably not sustain radiation fields larger than at the ILC (see
Table 21.1), particularly because of the bulk damage caused by neutrons and high
energy leptons.

21.4.6.2 Active CMOS Pixels

In conventional monolithic active CMOS pixel sensors (Chap. 5) [106, 107] the n+
well collects electron hole pairs generated by an ionizing particle in the p doped
epitaxial layer (see Fig. 21.43). The built-in depletion around the n+ well is formed
enabling the drift of the carriers. In the major part of the detector the charge is
collected from epitaxial p-type silicon through the diffusion. The charge collection
process depends on epitaxial layer thickness and takes tens of ns. Above 90% of
the cluster charge is induced within ∼100 ns for 15µm thick epitaxial layer [108].
Since the n+ wells are used as collection electrodes, only nMOS transistors can be
used for the signal processing circuit. The level of complexity of signal processing
after the first stage depends on the CMOS technology used (number of metal layers,
feature size).

The charge collection by thermal diffusion is very sensitive to electrons lifetime,
which decreases due to the recombination at deep levels. The loss of collection
efficiency and consequently smaller signal-to-noise ratio is the key limitation for
their use. The way to increase the radiation tolerance is therefore the reduction of
diffusion paths. This can be achieved by using many n+ collection diodes per pixel
area, which improves the charge collection efficiency. The price for that is a larger
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Fig. 21.43 Schematic view
of the radiation effects in
active CMOS Pixel Detector:
(1) generation of
carriers—leakage current; (2)
recombination of diffusing
carriers; (3) positive oxide
charge buildup leads to punch
trough the p well; (4) charge
trapping at shallow trench
isolation structure + −
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capacitance and leakage current of the pixel. An increase of the epitaxial layer will
increase the fraction of recombined charge, but the absolute collected charge will
nevertheless be larger. The reduction of the collection time can be achieved by a
gradual change of epitaxial layer doping concentration which establishes electric
field.

The generation-recombination centers give rise to the current and cooling is
needed to suppress it. It increases the noise and requires more frequent reset of
the pixel.

The active pixel detectors were proven to achieve detection efficiencies of >95%
at �eq = 2 · 1012 cm−2 [109], suggesting an upper limit of radiation tolerance to
hadron fluences of �eq ≤ ·1013 cm−2.

The active pixel sensors are CMOS circuits and therefore susceptible to surface
damage effects. Apart from the damage to transistor circuitry which is discussed in
next section in some CMOS processes the n-well is isolated from p-well by shallow
trench SiO2 isolation. The radiation induced interface states serve as trapping
centers and reduce the signal. The active pixel sensors were shown to be tolerant
to ionizing radiation doses of up to 10 kGy [110]. The damage effects discussed
above are shown in Fig. 21.43.

Depleted CMOS

In recent years a so called depleted CMOS or high voltage CMOS (HV-CMOS)
process has become available by different foundries. These processes allow appli-
cation of high voltage to the p substrate which becomes depleted. Charge collection
by drift significantly improves both speed and radiation tolerance of these devices.
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Fig. 21.44 Schematic view of (a) small electrode and (b) large electrode HV-CMOS detectors
[111]
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Fig. 21.45 (a) Dependence of substrate Neff on fluence of devices produced by two different
foundries on different substrate resistivities. Fit of Hamburg model to the data is shown with initial
acceptor removal parameters left free [37]. (b) Charge collection in irradiated passive HV-CMOS
diode array connected to LHC speed electronics [36]

The devices differ mostly in the way the collection electrode is realized. A small
n+ collection electrode is beneficial (see. Fig. 21.44a) for its small capacitance. If,
however, a n+ electrode is inside a large n-well the capacitance is determined by
the size of n-well (see. Fig. 21.44b), but the charge collection is faster and more
homogeneous. The optimum design therefore depends on the application (see Ref.
[112]). Both options are under consideration for the upgrade of pixel sub-detectors
at HL-LHC.

Relatively high doping concentration of the substrate (from Neff =few 1012 to
1015 cm−3) emphasizes the importance of effective acceptor removal with irradia-
tion. For low resistivity substrates the removal of shallow acceptors dominates over
the creation of deep ones and the effective doping concentration initially decreases
with irradiation. The active/depleted thickness at given voltage increases resulting
in larger collected charge. After the initial acceptors are removed the deep acceptors
determine the depleted thickness regardless of the choice of initial substrate. The
dependence of Neff on fluence for different initial substrate resistivities/doping
is shown in Fig. 21.45a [37]. The increase of active thickness is reflected also in
charge collection measurements shown in Fig. 21.45b for a low resistivity, 20 
cm,
device. Note that after the irradiations the contribution from the charges diffusing
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from the undepleted substrate to the depleted region vanishes and almost no charge
is measured without bias. The contribution of carriers diffusing from the undepleted
substrate disappears already after � ∼ 1014 cm−2 [36] which is the reason for initial
drop of charge collection efficiency.

Recent studies of pixelated devices established the need for metallization their
backside and/or thinning them down [113]. In most processes the high voltage
for depletion of the substrate is applied from the contact on top of the device
(see Fig. 21.44). After irradiation the increase of resistivity of undepleted bulk can
have a large impact on fraction of weighting potential traversed by the carriers and
therefore induced charge. Low impedance biasing electrode (HV bias) relatively far
away from the sensing electrode and long lateral drift paths of carriers in devices
without back side biasing can result in smaller induced charge than expected from
the active thickness.

21.5 Electronics

The front-end electronics is an essential part of any detector system. The application
specific integrated circuits (ASIC) are composed of analog and digital parts. The
analog part usually consists of a preamplifier and a shaping amplifier, while the
digital part controls the ASIC and its communication with readout chain. The
fundamental building block of the circuit, transistors, can be either bipolar or field-
effect devices.

The benefits of either bipolar or field-effect transistors as the first amplifying
stage are comprehensively discussed in [114] (see Chapter 6). The equivalent noise
charge of the analog front end is given by

ENC2 ≈ 2 e0 (Inm + ImM2F) τsh + 4 kB T

gm τsh

(Cd + Cc)
2 (21.46)

where τsh is shaping/integration time of the amplifier, Inm and Im the non-
multiplied and multiplied currents flowing in the control electrode of the transistor,
M current multiplication factor and F excess noise factor, Cd detector capacitance,
Cc capacitance of the transistor control electrode and gm the transconductance of the
transistor. The transconductance measures the ratio of the change in the transistor
output current vs. the change in the input voltage. The first term is also called current
(parallel) noise while the second term is called voltage (series) noise [115]. The
radiation of particle detectors therefore increases both parallel noise through Inm, Im

and series noise through Cd .
The excess noise factor is determined by the gain and effective ratio of hole and

electron ionization coefficients keff [116]

F = keff M + (1 − keff )(2 − 1/M) (21.47)
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Fig. 21.46 Schematic view
of the MOSFET leakage
current (top). The standard
FET design (bottom left) with
parasitic current paths and
enclosed transistor design
(bottom right)

+ + + + 

 +  + +

+ + + + + + + + + + + + + + + + + +

+ + + + 

+ + +

oxide

S DG
n+

S

p+

n+

G
D

n+ n+

gate sourcedrain

leakage current

For moderate gains of M ≈ 10 and keff < 0.01 usual for silicon tracking detectors
F ∼ 2. It follows from Eq. (21.46) that a voltage noise should dominate the current
noise if charge multiplication should increase the signal/noise ratio. If this in not
true the current noise increases faster than the signal with bias voltage. Therefore,
integration time and electrode size and design should be carefully optimized.

The bipolar transistors are susceptible to both bulk and surface damage while
field effect transistors suffer predominately from surface effects. It is the transcon-
ductance that is affected most by irradiation.

MOSFET
Advances in integrated electronics circuitry development lead to reduction of feature
size to the deep sub-micron level in CMOS technology. The channel current in these
transistors is modulated by the gate voltage. The accumulation of positive oxide
charge due to ionizing radiation influences the transistor threshold voltage Vth (See
Fig. 21.46). For nMOS transistors the channel may therefore always be open and for
pMOS always closed after high doses. This is particularly problematic for the digital
part of the ASIC leading to the device failure. The operation points in analog circuits
can be adjusted to some extent to accommodate the voltage shifts. The threshold
voltage depends on the square of the oxide thickness and with thick oxides typical
for MOS technologies in the previous decades (>100 nm) the radiation hardness was
limited to few 100 Gy. At oxide thickness approaching 20 nm the relation Vth ∝ d2

breaks down (see Fig. 21.8b) as explained in Sect. 21.3.2.1. The deep sub-micron
CMOS processes employing such thin oxides are therefore intrinsically radiation
hard. The weak dependence of Vth on dose for deep sub-micron CMOS processes
is shown in Fig. 21.47a. The interface states introducing the leakage current are
largely deactivated (see Sect. 21.3.2) in deep sub-micron CMOS transistors, leading
to almost negligible surface current (Fig. 21.47b). Also mobility changes less than
10% up to 300 kGy.

Even with transistor parameters not severely affected by radiation the use of so
called enclosed transistor layout (ELT) [117] is sometimes required to eliminate the
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Fig. 21.47 (a) Threshold voltage shift of enclosed nMOS and standard pMOS transistors as a
function of the total dose for a 0.25µm technology. (b) Leakage current for the same transistors
[117].

Fig. 21.48 Schematic view of Radiation-Induced Narrow Channel Effect

radiation effects on large arrays of transistors. Radiation induces transistor leakage
through the formation of an inversion layer underneath the field oxide or at the edge
of the active area (see Fig. 21.46). This leads to source-to-drain and inter-transistor
leakage current between neighboring n+ implants. The former can be avoided by
forcing all source-to-drain currents to run under the gate oxide by using a closed
gate. The inter-transistor leakage is eliminated by implementing p+ guard rings.

Development of dedicated libraries to implement enclosed transistors for each
deep-sub micron process is often too demanding or the functionality required for a
given surface doesn’t allow enclosed transistors. In such cases a so called Radiation-
Induced Narrow Channel Effect (RINCE) shown in Fig. 21.48 can occur.

The positive charge trapped in the lateral shallow trench isolation oxide (STI)
attracts electrons and opens a conductive channel through which leakage current can
flow between source and drain. This current is usually small and [119] compared to
the current that can flow in the main transistor and it only influences the subtreshold
region of the transistor I–V curve. Even if the functionality of the chip is preserved
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Fig. 21.49 (a) Evolution of the leakage current with TID for different NMOS transistor sizes
(width/length in µm), up to 1.36 MGy. The last point refers to full annealing at 100 ◦C. The first
point to the left is the pre-rad value (b) Same as (a) but showing transistor threshold voltage shift
[119].

this impacts power consumption and thermal performance of the chip. At higher
doses the negative charge trapped at the interface states compensates the positive
space charge (NMOS transistors) and leakage current decreases (see Fig. 21.49a).
Both processes of positive oxide charge and negative charge build-up at the interface
states are highly dependable on dose rate, process and annealing. The increase of the
transistor leakage current affected the operation of ATLAS-IBL detector [77].

Apart from parasitic leakage current the trapped oxide charges can also moderate
electric field in the transistor channel particularly for narrow channel transistor
where relatively larger part of the transistor is affected. If the change in threshold
voltage for NMOS is small (see Fig. 21.49b), RINCE can be a bigger problem
for PMOS transistors. There, positive trapped charge (holes) at the interface states
adds to the positive oxide charge. As a consequence the threshold voltage and the
required current to turn transistor on change significantly. As shown in Figs. 21.49
only marginal annealing effects were observed.
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Fig. 21.50 (a) Radiation-Induced Short Channel Effect—charging of spacer oxide modi-
fies free carrier concentration in LDD (p−) layer. (b) Annealing releases protons/hydrogen
atoms/molecules to the gate oxide [120]

Radiation Induced Short Channel Effect (RISCE) appears in both PMOS and
NMOS transistors with very short channel (for both ELT and open-layout transis-
tors) and is a consequence of transistor design with so called spacer oxide shown
in Fig. 21.50a. This oxide charges and affects the amount of carriers in Low Drain
Doping (LDD) extension of the transistors leading to a decrease of the transistor-
on current during exposure. The radiation and temperature/annealing frees protons,
neutral hydrogen atoms/molecules from spacer oxide that can reach the nearby
gate oxide. There they depassivate Si-H bonds and by that change the threshold
voltage and transistor-on current. This process is strongly dependent on (annealing)
temperature. It can be avoided at low temperature operation (T < 0◦C) and by
switching off biasing at high temperatures [120].

The constant reduction of feature size in modern CMOS processes going from
0.35, 0.25, 0.13, 0.065, 0.045µm have also other beneficial consequences. Ever
shorter transistor channel lengths result in higher speed of the devices which
consumes also less power particularly in the digital part. Larger transistor densities
allow more complex signal processing while retaining the die size. Unfortunately
at given power constraints, the basic noise parameters of bipolar and field-effect
front-end transistors will not improve with the reduction of feature size [115].

Bipolar Transistor The main origin of damage in bipolar transistors is the
reduction of minority carrier life time in the base, due to recombination processes
at radiation-induced deep levels. The transistor amplification factor β = Ic/Ib

(common emitter) decreases according to 1/β = 1/β0 + k�. The pre-irradiation
value is denoted by β0 and damage constant dependent on particle and energy by
k. Since gm ∝ β, degradation of β leads to larger noise and smaller gain of the
transistor. Thinner base regions are less susceptible to radiation damage, so faster
transistors tend to be better.

The choice of base dopant plays an important role. A boron doped base of a
silicon transistor is not appropriate for large thermal neutron radiation fields due to
the large cross-section for neutron capture (3840 barns). The kinetic energy released
(2.3 MeV) to Li atoms and α particles is sufficient to cause large bulk damage [118].
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Single Event Effects (SEE) Unlike the bulk and surface damage, the single event
effects are not cumulative. They are caused by the ionization produced by particles
hitting certain elements in the circuit. According to the effect they have on operation
they can be:

• transient; Spurious signals propagating in the circuit, due to electrostatic
discharge.

• static; The state of memory or register bits is changed (Single Event Upset). In
case of altering the bits controlling the circuit, they can disturb functionality or
prevent circuits from operating (Single-event Functional Interrupt).

• permanent; The can destroy the circuit permanently (Single Event Latchup).

The SEE become a bigger problem with reduction of the feature size, as
relatively smaller amount of ionization is required to change properties. The
radiation hardening involves the use of static-RAM instead of dynamic-RAM and
processing of electronics on SOI instead on silicon bulk (physical hardening). The
logical hardening incorporates redundant logical elements and voting logic. With
this technique, a single latch does not effect a change in bit state; rather, several
identical latches are queried, and the state will only change if the majority of latches
are in agreement. Thus, a single latch error will not change the bit.

21.6 Conclusions

The radiation damage of crystal lattice and the surface structure of the solid state
particle detectors significantly impacts their performance. The atoms knocked-off
from their lattice site by the impinging radiation and vacancies remaining in the
lattice interact with themselves or impurity atoms in the crystal forming defects
which give rise to the energy levels in the semiconductor band-gap. The energy
levels affect the operation of any detector in mainly three ways. Charge levels alter
the space charge and the electric field, the levels act as generation-recombination
and trapping centers leading to increase of leakage current and trapping probability
for the drifting charge. The magnitude of these effects, which all affect the signal-to-
noise ratio, depends on the semiconductor material used as well as on the operation
conditions.

Although the silicon, by far most widely used semiconductor detector material,
is affected by all three, silicon detectors still exhibit charge collection properties
superior to other semiconductors. Other semiconductors (e.g. SiC, GaN, GaAa, a-Si)
can compete in applications requiring certain material properties (e.g. cross-section
for incoming radiation, capacitance) and/or the crucial properties are less affected
by the radiation (e.g. leakage current and associated power dissipation). Radiation
effects in silicon detectors were thoroughly studied and allow for reliable prediction
of the detector performance over the time in different irradiation fields.
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The state of the art silicon strip and pixel detectors used at experiments at
LHC retain close to 100% detection efficiency for minimum ionizing particles
at hadron fluences in excess of 1015 cm−2 and ionization doses of 1 MGy. The
foreseen upgrade of Large Hadron Collider require hardness to even an order
of magnitude larger fluences, which presently set the ultimate benchmark for
operation of semiconductor particle detectors. The efforts for improving the silicon
detection properties in order to meet these demanding requirements include defect
engineering by adding impurity atoms, mainly oxygen, to the crystal, operation at
cryogenic temperatures and placement electrodes perpendicularly to the detector
surface—3D detectors.

The increase of effective doping concentration with fluence together with high
voltage operation lead to charge multiplication in heavily irradiated silicon detectors
which in combination with electric field in the neutral bulk and saturation of
effective trapping probabilities result in efficient operation in radiation environments
even harsher than that at the HL-LHC.

In recent years new detector technologies appeared, such as Low Gain Avalanche
Detectors which offer along with position also time resolution and depleted CMOS
monolithic detectors. The latter offer for the first time fully monolithic devices with
fast response and sufficient radiation hardness. The initial dopant removal plays a
crucial role in performance of both LGADs and depleted CMOS detectors. Among
other semiconductors diamond is the most viable substitute for silicon in harsh
radiation fields, particularly with the advent of 3D diamond detectors.

The silicon detector employed in less severe environments e.g. monolithic active
pixels, charge coupled devices, silicon drift detectors are optimized for the required
position and/or energy resolution and the radiation effects can be well pronounced
and even become the limiting factor already at much lower doses. Longer drift
and/or charge integration times increase the significance of leakage current, charge
trapping and carrier recombination.

The silicon-silicon oxide border and the oxide covering the surface of silicon
detectors and electronics is susceptible to ionizing radiation. The positive charge
accumulates in the oxide and the concentration of interface states, acting as trapping
and generation-recombination centers, increases. These effects can be effectively
reduced in silicon detectors by proper processing techniques. Thin oxides (<20 nm)
allow tunneling of electrons from the gate electrode through the oxide. They can
recombine with positive charges in the oxide and also passivate interface traps. Deep
sub-micron CMOS processes which utilize oxides of such thicknesses are therefore
intrinsically radiation hard especially if proper design rules are used. In very deep-
sub micron processes where often the use of special design rules is not possible
two effects Radiation-Induced Narrow Channel Effect and Radiation Induced Short
Channel Effect appear which require special adjustments in operation scenarios.
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