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Surface damage

• Damage to the surface of silicon sensors and electronics, especially in the 
SiO2 layer and at the Si-SiO2 interface.

• SiO2 is used as:

• Passivation layer on silicon sensor.

• Gate Oxide in MOSFET transistors.

• Shallow Trench Isolation (STI) between transistors.

• Surface damage affects mostly electronics.

n+ n+

P-type substrate

Source
Gate

Drain

MetalSiO2

Channel for current flow

Si- SiO2 
interface



4

MOSFET transistors basics

• NMOS transistor:

• 𝑉!" > 0.
• Electrons in the conduction 

channel.

• PMOS transistor:

•  𝑉!" < 0.
• Holes in the conduction channel.

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

2. By applying a voltage on the drain, carriers can move à current.
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Other transistor views
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Damage to SiO2

• Radiation causes ionisation and/or dislocation of lattice atoms in SiO2.

• Damage impact from ionisation is more severe in SiO2 à it creates charged 
defect states in the oxide and at the interface with the silicon that impact 
transistor’s operational parameters.

• High electric fields can exist in the oxide of MOS transistors.

• Charge carriers generated by ionisation are separated.

• Holes have a mobility 106 times lower than electron mobility in SiO2 (large hole 
capture cross section by shallow levels in the silicon oxide).

• NIEL damage does not get electrically active in the SiO2.

• Also, the substrate of integrated circuits is highly doped (i.e. low resistivity) 
which reduces the sensitivity to displacement damage.
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Defects in SiO2 and Si-SiO2 interface

• Defects are present in the SiO2 and at the Si-SiO2 interface that introduced 
localised energy states in the bandgap of the material and act as traps for 
charge carriers.

• In the SiO2 defects are due to a precursor that is not active in its normal 
condition but is actived by radiation and becomes a trap for positive 
charges.

• This precursor is the physical origin of oxide traps.

• Oxide traps are donor like, i.e. positive.

• At the Si-SiO2 interface defects are due to the abrupt transition between a 
crystalline material (Si) and an amorphous one (SiO2) that interrupts the 
crystalline structure of silicon. 

• Interface states are located at the interface or a few angstrom from it.

• Responsible for interface traps.

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

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

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

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

• Assuming a positive voltage on the gate.

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

• The h+ will drift (slowly) towards the Si-SiO2 interface.
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Fig. 1. Band diagram of an MOS capacitor with a positive gate bias. Illustrated
are the main processes for radiation-induced charge generation.

charged for p-channel transistors and negatively charged for
n-channel transistors.

In addition to oxide-trapped charge and interface-trap charge
buildup in gate oxides, charge buildup will also occur in other
oxides including field oxides, silicon-on-insulator (SOI) buried
oxides, and alternate dielectrics. The radiation-induced charge
buildup in these insulators can cause device degradation and cir-
cuit failure. Positive charge trapping in the gate oxide can invert
the channel interface causing leakage current to flow in the OFF
state condition ( ). This will result in an increase in
the static power supply current of an IC and may also cause IC
failure. In a similar fashion, positive charge buildup in field and
SOI buried oxides can cause large increases in IC static power
supply leakage current (caused by parasitic leakage paths in the
transistor). In fact, for advanced ICs with very thin gate oxides,
radiation-induced charge buildup in field oxides and SOI buried
oxides normally dominates the radiation-induced degradation of
ICs. Large concentrations of interface-trap charge can decrease
the mobility of carriers and increase the threshold voltage of
n-channel MOS transistors. These effects will tend to decrease
the drive of transistors, degrading timing parameters of an IC.
In the rest of this section, we present the details of oxide-trap
and interface-trap charge buildup in MOS transistors.

B. Charge Yield

If an electric field exists across the oxide of an MOS tran-
sistor, once generated, electrons in the conduction band and
holes in the valence band will immediately begin to transport
in opposite directions. Electrons are extremely mobile in sil-
icon dioxide and are normally swept out of silicon dioxide in
picoseconds [1], [2]. However, even before the electrons can
leave the oxide, some fraction of the electrons will recombine
with holes in the oxide valence band. This is referred to as initial
recombination. The amount of initial recombination is highly
dependent on the electric field in the oxide and the energy and
type of incident particle [3]. In general, strongly ionizing parti-
cles form dense columns of charge where the recombination rate
is relatively high. On the other hand, weakly ionizing particles
generate relatively isolated charge pairs, and the recombination
rate is lower [3]. The dependence of initial recombination on
the electric field strength in the oxide for low-energy protons,

Fig. 2. The fraction of holes that escape initial recombination (charge yield)
for x rays, low-energy protons, gamma rays, and alpha particles. (After [4] and
[5].)

alpha particles, gamma rays (Co-60) , and x rays is illustrated
in Fig. 2 [4], [5]. Plotted in Fig. 2 is the fraction of unrecom-
bined holes (charge yield) versus electric field in the oxide. The
data for the Co-60 and 10-keV x-ray curves were taken from [5].
The other two curves were taken from [4]. For all particles, as
the electric field strength increases, the probability that a hole
will recombine with an electron decreases, and the fraction of
unrecombined holes increases. Taking into account the effects
of hole yield and electron-hole pair generation, the total number
of holes generated in the oxide (not including dose enhancement
effects [3], [4] that escape initial recombination, , is given by
[4]

(1)

where is the hole yield as a function of oxide electric
field, is the dose, and is the oxide thickness (in units
of cm). is a material-dependent parameter giving the initial
charge pair density per rad of dose (
per rad for [4]).

C. Oxide Traps

Holes generated in the oxide transport much slower through
the lattice than electrons [1]. In the presence of an electric field,
holes can transport to either the gate/ (negatively applied
gate bias) or the Si/ interface (positively applied gate bias).
Due to its charge, as a hole moves through the it causes a
distortion of the local potential field of the lattice. This
local distortion increases the trap depth at the localized site,
which tends to confine the hole to its immediate vicinity. Thus,
in effect, the hole tends to trap itself at the localized site. The
combination of the charged carrier (hole) and its strain field is
known as a polaron [6]. As a hole transports through the lattice,
the distortion follows the hole. Hence, holes transport through

by “polaron hopping” [4], [7], [8]. Polarons increase the
effective mass of the holes and decrease their mobility. Polaron

Authorized licensed use limited to: CERN. Downloaded on May 14,2022 at 16:30:53 UTC from IEEE Xplore.  Restrictions apply. 

DOI: 10.1109/TNS.2008.2001040
This figure assumes a 
positive bias on the gate 
(worse condition).
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Oxide charges

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

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

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

• Higher T and E field = faster transport.

• Dependent on oxide thickness.

• Long time scales wrt. compared to the charge injection.
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Fig. 1. Band diagram of an MOS capacitor with a positive gate bias. Illustrated
are the main processes for radiation-induced charge generation.

charged for p-channel transistors and negatively charged for
n-channel transistors.

In addition to oxide-trapped charge and interface-trap charge
buildup in gate oxides, charge buildup will also occur in other
oxides including field oxides, silicon-on-insulator (SOI) buried
oxides, and alternate dielectrics. The radiation-induced charge
buildup in these insulators can cause device degradation and cir-
cuit failure. Positive charge trapping in the gate oxide can invert
the channel interface causing leakage current to flow in the OFF
state condition ( ). This will result in an increase in
the static power supply current of an IC and may also cause IC
failure. In a similar fashion, positive charge buildup in field and
SOI buried oxides can cause large increases in IC static power
supply leakage current (caused by parasitic leakage paths in the
transistor). In fact, for advanced ICs with very thin gate oxides,
radiation-induced charge buildup in field oxides and SOI buried
oxides normally dominates the radiation-induced degradation of
ICs. Large concentrations of interface-trap charge can decrease
the mobility of carriers and increase the threshold voltage of
n-channel MOS transistors. These effects will tend to decrease
the drive of transistors, degrading timing parameters of an IC.
In the rest of this section, we present the details of oxide-trap
and interface-trap charge buildup in MOS transistors.

B. Charge Yield

If an electric field exists across the oxide of an MOS tran-
sistor, once generated, electrons in the conduction band and
holes in the valence band will immediately begin to transport
in opposite directions. Electrons are extremely mobile in sil-
icon dioxide and are normally swept out of silicon dioxide in
picoseconds [1], [2]. However, even before the electrons can
leave the oxide, some fraction of the electrons will recombine
with holes in the oxide valence band. This is referred to as initial
recombination. The amount of initial recombination is highly
dependent on the electric field in the oxide and the energy and
type of incident particle [3]. In general, strongly ionizing parti-
cles form dense columns of charge where the recombination rate
is relatively high. On the other hand, weakly ionizing particles
generate relatively isolated charge pairs, and the recombination
rate is lower [3]. The dependence of initial recombination on
the electric field strength in the oxide for low-energy protons,

Fig. 2. The fraction of holes that escape initial recombination (charge yield)
for x rays, low-energy protons, gamma rays, and alpha particles. (After [4] and
[5].)

alpha particles, gamma rays (Co-60) , and x rays is illustrated
in Fig. 2 [4], [5]. Plotted in Fig. 2 is the fraction of unrecom-
bined holes (charge yield) versus electric field in the oxide. The
data for the Co-60 and 10-keV x-ray curves were taken from [5].
The other two curves were taken from [4]. For all particles, as
the electric field strength increases, the probability that a hole
will recombine with an electron decreases, and the fraction of
unrecombined holes increases. Taking into account the effects
of hole yield and electron-hole pair generation, the total number
of holes generated in the oxide (not including dose enhancement
effects [3], [4] that escape initial recombination, , is given by
[4]

(1)

where is the hole yield as a function of oxide electric
field, is the dose, and is the oxide thickness (in units
of cm). is a material-dependent parameter giving the initial
charge pair density per rad of dose (
per rad for [4]).

C. Oxide Traps

Holes generated in the oxide transport much slower through
the lattice than electrons [1]. In the presence of an electric field,
holes can transport to either the gate/ (negatively applied
gate bias) or the Si/ interface (positively applied gate bias).
Due to its charge, as a hole moves through the it causes a
distortion of the local potential field of the lattice. This
local distortion increases the trap depth at the localized site,
which tends to confine the hole to its immediate vicinity. Thus,
in effect, the hole tends to trap itself at the localized site. The
combination of the charged carrier (hole) and its strain field is
known as a polaron [6]. As a hole transports through the lattice,
the distortion follows the hole. Hence, holes transport through

by “polaron hopping” [4], [7], [8]. Polarons increase the
effective mass of the holes and decrease their mobility. Polaron
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Oxide charges

• The h+ can be trapped in defects presents in the SiO2 and in oxygen 
vacancies close to the interface (deep hole trapping) giving origin to a fixed 
positive charge.

• The fraction of trapped holes depends on the mean trap density, their hole 
capture cross-section, and the width of their distribution.
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Fig. 1. Band diagram of an MOS capacitor with a positive gate bias. Illustrated
are the main processes for radiation-induced charge generation.

charged for p-channel transistors and negatively charged for
n-channel transistors.

In addition to oxide-trapped charge and interface-trap charge
buildup in gate oxides, charge buildup will also occur in other
oxides including field oxides, silicon-on-insulator (SOI) buried
oxides, and alternate dielectrics. The radiation-induced charge
buildup in these insulators can cause device degradation and cir-
cuit failure. Positive charge trapping in the gate oxide can invert
the channel interface causing leakage current to flow in the OFF
state condition ( ). This will result in an increase in
the static power supply current of an IC and may also cause IC
failure. In a similar fashion, positive charge buildup in field and
SOI buried oxides can cause large increases in IC static power
supply leakage current (caused by parasitic leakage paths in the
transistor). In fact, for advanced ICs with very thin gate oxides,
radiation-induced charge buildup in field oxides and SOI buried
oxides normally dominates the radiation-induced degradation of
ICs. Large concentrations of interface-trap charge can decrease
the mobility of carriers and increase the threshold voltage of
n-channel MOS transistors. These effects will tend to decrease
the drive of transistors, degrading timing parameters of an IC.
In the rest of this section, we present the details of oxide-trap
and interface-trap charge buildup in MOS transistors.

B. Charge Yield

If an electric field exists across the oxide of an MOS tran-
sistor, once generated, electrons in the conduction band and
holes in the valence band will immediately begin to transport
in opposite directions. Electrons are extremely mobile in sil-
icon dioxide and are normally swept out of silicon dioxide in
picoseconds [1], [2]. However, even before the electrons can
leave the oxide, some fraction of the electrons will recombine
with holes in the oxide valence band. This is referred to as initial
recombination. The amount of initial recombination is highly
dependent on the electric field in the oxide and the energy and
type of incident particle [3]. In general, strongly ionizing parti-
cles form dense columns of charge where the recombination rate
is relatively high. On the other hand, weakly ionizing particles
generate relatively isolated charge pairs, and the recombination
rate is lower [3]. The dependence of initial recombination on
the electric field strength in the oxide for low-energy protons,

Fig. 2. The fraction of holes that escape initial recombination (charge yield)
for x rays, low-energy protons, gamma rays, and alpha particles. (After [4] and
[5].)

alpha particles, gamma rays (Co-60) , and x rays is illustrated
in Fig. 2 [4], [5]. Plotted in Fig. 2 is the fraction of unrecom-
bined holes (charge yield) versus electric field in the oxide. The
data for the Co-60 and 10-keV x-ray curves were taken from [5].
The other two curves were taken from [4]. For all particles, as
the electric field strength increases, the probability that a hole
will recombine with an electron decreases, and the fraction of
unrecombined holes increases. Taking into account the effects
of hole yield and electron-hole pair generation, the total number
of holes generated in the oxide (not including dose enhancement
effects [3], [4] that escape initial recombination, , is given by
[4]

(1)

where is the hole yield as a function of oxide electric
field, is the dose, and is the oxide thickness (in units
of cm). is a material-dependent parameter giving the initial
charge pair density per rad of dose (
per rad for [4]).

C. Oxide Traps

Holes generated in the oxide transport much slower through
the lattice than electrons [1]. In the presence of an electric field,
holes can transport to either the gate/ (negatively applied
gate bias) or the Si/ interface (positively applied gate bias).
Due to its charge, as a hole moves through the it causes a
distortion of the local potential field of the lattice. This
local distortion increases the trap depth at the localized site,
which tends to confine the hole to its immediate vicinity. Thus,
in effect, the hole tends to trap itself at the localized site. The
combination of the charged carrier (hole) and its strain field is
known as a polaron [6]. As a hole transports through the lattice,
the distortion follows the hole. Hence, holes transport through

by “polaron hopping” [4], [7], [8]. Polarons increase the
effective mass of the holes and decrease their mobility. Polaron
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Interface states

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

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

• These ions move toward the Si-SiO2 interface where they give origin to new 
interface states that serve as traps.

• Creation of interface states is a slower process than oxide charge formation 
due to the lower mobility of the hydrogen ions.
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Fig. 1. Band diagram of an MOS capacitor with a positive gate bias. Illustrated
are the main processes for radiation-induced charge generation.

charged for p-channel transistors and negatively charged for
n-channel transistors.

In addition to oxide-trapped charge and interface-trap charge
buildup in gate oxides, charge buildup will also occur in other
oxides including field oxides, silicon-on-insulator (SOI) buried
oxides, and alternate dielectrics. The radiation-induced charge
buildup in these insulators can cause device degradation and cir-
cuit failure. Positive charge trapping in the gate oxide can invert
the channel interface causing leakage current to flow in the OFF
state condition ( ). This will result in an increase in
the static power supply current of an IC and may also cause IC
failure. In a similar fashion, positive charge buildup in field and
SOI buried oxides can cause large increases in IC static power
supply leakage current (caused by parasitic leakage paths in the
transistor). In fact, for advanced ICs with very thin gate oxides,
radiation-induced charge buildup in field oxides and SOI buried
oxides normally dominates the radiation-induced degradation of
ICs. Large concentrations of interface-trap charge can decrease
the mobility of carriers and increase the threshold voltage of
n-channel MOS transistors. These effects will tend to decrease
the drive of transistors, degrading timing parameters of an IC.
In the rest of this section, we present the details of oxide-trap
and interface-trap charge buildup in MOS transistors.

B. Charge Yield

If an electric field exists across the oxide of an MOS tran-
sistor, once generated, electrons in the conduction band and
holes in the valence band will immediately begin to transport
in opposite directions. Electrons are extremely mobile in sil-
icon dioxide and are normally swept out of silicon dioxide in
picoseconds [1], [2]. However, even before the electrons can
leave the oxide, some fraction of the electrons will recombine
with holes in the oxide valence band. This is referred to as initial
recombination. The amount of initial recombination is highly
dependent on the electric field in the oxide and the energy and
type of incident particle [3]. In general, strongly ionizing parti-
cles form dense columns of charge where the recombination rate
is relatively high. On the other hand, weakly ionizing particles
generate relatively isolated charge pairs, and the recombination
rate is lower [3]. The dependence of initial recombination on
the electric field strength in the oxide for low-energy protons,

Fig. 2. The fraction of holes that escape initial recombination (charge yield)
for x rays, low-energy protons, gamma rays, and alpha particles. (After [4] and
[5].)

alpha particles, gamma rays (Co-60) , and x rays is illustrated
in Fig. 2 [4], [5]. Plotted in Fig. 2 is the fraction of unrecom-
bined holes (charge yield) versus electric field in the oxide. The
data for the Co-60 and 10-keV x-ray curves were taken from [5].
The other two curves were taken from [4]. For all particles, as
the electric field strength increases, the probability that a hole
will recombine with an electron decreases, and the fraction of
unrecombined holes increases. Taking into account the effects
of hole yield and electron-hole pair generation, the total number
of holes generated in the oxide (not including dose enhancement
effects [3], [4] that escape initial recombination, , is given by
[4]

(1)

where is the hole yield as a function of oxide electric
field, is the dose, and is the oxide thickness (in units
of cm). is a material-dependent parameter giving the initial
charge pair density per rad of dose (
per rad for [4]).

C. Oxide Traps

Holes generated in the oxide transport much slower through
the lattice than electrons [1]. In the presence of an electric field,
holes can transport to either the gate/ (negatively applied
gate bias) or the Si/ interface (positively applied gate bias).
Due to its charge, as a hole moves through the it causes a
distortion of the local potential field of the lattice. This
local distortion increases the trap depth at the localized site,
which tends to confine the hole to its immediate vicinity. Thus,
in effect, the hole tends to trap itself at the localized site. The
combination of the charged carrier (hole) and its strain field is
known as a polaron [6]. As a hole transports through the lattice,
the distortion follows the hole. Hence, holes transport through

by “polaron hopping” [4], [7], [8]. Polarons increase the
effective mass of the holes and decrease their mobility. Polaron
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Interface states

• The radiation-induced traps have energy levels in the bandgap.

• Traps above midgap = acceptors.

• Traps below midgap = donors.

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

• For PMOS under negative bias, interface traps are positively charged.
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Fig. 1. Band diagram of an MOS capacitor with a positive gate bias. Illustrated
are the main processes for radiation-induced charge generation.

charged for p-channel transistors and negatively charged for
n-channel transistors.

In addition to oxide-trapped charge and interface-trap charge
buildup in gate oxides, charge buildup will also occur in other
oxides including field oxides, silicon-on-insulator (SOI) buried
oxides, and alternate dielectrics. The radiation-induced charge
buildup in these insulators can cause device degradation and cir-
cuit failure. Positive charge trapping in the gate oxide can invert
the channel interface causing leakage current to flow in the OFF
state condition ( ). This will result in an increase in
the static power supply current of an IC and may also cause IC
failure. In a similar fashion, positive charge buildup in field and
SOI buried oxides can cause large increases in IC static power
supply leakage current (caused by parasitic leakage paths in the
transistor). In fact, for advanced ICs with very thin gate oxides,
radiation-induced charge buildup in field oxides and SOI buried
oxides normally dominates the radiation-induced degradation of
ICs. Large concentrations of interface-trap charge can decrease
the mobility of carriers and increase the threshold voltage of
n-channel MOS transistors. These effects will tend to decrease
the drive of transistors, degrading timing parameters of an IC.
In the rest of this section, we present the details of oxide-trap
and interface-trap charge buildup in MOS transistors.

B. Charge Yield

If an electric field exists across the oxide of an MOS tran-
sistor, once generated, electrons in the conduction band and
holes in the valence band will immediately begin to transport
in opposite directions. Electrons are extremely mobile in sil-
icon dioxide and are normally swept out of silicon dioxide in
picoseconds [1], [2]. However, even before the electrons can
leave the oxide, some fraction of the electrons will recombine
with holes in the oxide valence band. This is referred to as initial
recombination. The amount of initial recombination is highly
dependent on the electric field in the oxide and the energy and
type of incident particle [3]. In general, strongly ionizing parti-
cles form dense columns of charge where the recombination rate
is relatively high. On the other hand, weakly ionizing particles
generate relatively isolated charge pairs, and the recombination
rate is lower [3]. The dependence of initial recombination on
the electric field strength in the oxide for low-energy protons,

Fig. 2. The fraction of holes that escape initial recombination (charge yield)
for x rays, low-energy protons, gamma rays, and alpha particles. (After [4] and
[5].)

alpha particles, gamma rays (Co-60) , and x rays is illustrated
in Fig. 2 [4], [5]. Plotted in Fig. 2 is the fraction of unrecom-
bined holes (charge yield) versus electric field in the oxide. The
data for the Co-60 and 10-keV x-ray curves were taken from [5].
The other two curves were taken from [4]. For all particles, as
the electric field strength increases, the probability that a hole
will recombine with an electron decreases, and the fraction of
unrecombined holes increases. Taking into account the effects
of hole yield and electron-hole pair generation, the total number
of holes generated in the oxide (not including dose enhancement
effects [3], [4] that escape initial recombination, , is given by
[4]

(1)

where is the hole yield as a function of oxide electric
field, is the dose, and is the oxide thickness (in units
of cm). is a material-dependent parameter giving the initial
charge pair density per rad of dose (
per rad for [4]).

C. Oxide Traps

Holes generated in the oxide transport much slower through
the lattice than electrons [1]. In the presence of an electric field,
holes can transport to either the gate/ (negatively applied
gate bias) or the Si/ interface (positively applied gate bias).
Due to its charge, as a hole moves through the it causes a
distortion of the local potential field of the lattice. This
local distortion increases the trap depth at the localized site,
which tends to confine the hole to its immediate vicinity. Thus,
in effect, the hole tends to trap itself at the localized site. The
combination of the charged carrier (hole) and its strain field is
known as a polaron [6]. As a hole transports through the lattice,
the distortion follows the hole. Hence, holes transport through

by “polaron hopping” [4], [7], [8]. Polarons increase the
effective mass of the holes and decrease their mobility. Polaron
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Annealing

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

• Electron tunnelling from the silicon to the oxide traps.

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

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

• Strong dependence on temperature.

• Traps need to be close to the valence band.

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

• Complete annealing can take many months.
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TID technology dependence

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

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

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

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

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

• In the following slides I will discuss TID effects on the 130 nm CMOS 
technology used for various ATLAS and CMS upgrades.
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Leakage current

• Leakage current in MOSFET transistors is defined as the current that flows 
through the device for 𝑉!" = 0.

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

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

• Peak at a few Mrad.

• No change is observed in PMOS transistors. 

NMOS

W/L

https://cds.cern.ch/record/2252791
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Edge effects: NMOS

• Parasitic transistors exist at the edges of the transistor.

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

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

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

• The leakage current increases.
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Edge effects: NMOS

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

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

• The leakage current decreases.
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Edge effects: PMOS

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

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

• The leakage current does not change.
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Threshold voltage shift

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

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

• Observed in deep-submicron CMOS technologies as a decrease of 𝑉$% with 
transistor width.
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W/L

W/L

PMOS

https://cds.cern.ch/record/2252791
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RINCE

• Due to the positive oxide charge trapped in the STI oxide, the narrow 
channel effect decreases/increases the 𝑉'( of NMOS/PMOS transistors.

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

• For PMOS, the positively charged interface states add to the effect of the 
positive oxide charge à increase of the 𝑉'( slope.

Radiation Induced Narrow Channel Effect (RINCE)
10.1109/TNS.2005.860698 
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https://cds.cern.ch/record/2252791
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Hardening by layout techniques

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

• For the same W/L, ELT use more space à Loss of logic density.

• Only really feasible for the analogue part of the circuit. 

• Lack of a commercial digital library for digital design

Gate

Source

Drain

Linear transistor layout

Leakage current paths

Enclosed transistor layout (ELT)
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TID effects on ATLAS IBL operation

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

• New layer inserted in the ATLAS Inner Detector during the LHS LS1 (2013-14).

• Closest layer to IP, radius = 33.5 mm (beam pipe r = 23.5 mm).

• The IBL sensors and front-end electronics must cope with radiation doses of 
5×1015 neq/cm2 NIEL and 250 MRad TID during the LHC Phase-I. 

• New front-end chip in 130 nm CMOS technology à FE-I4.

20.2 mm

1
8

.8
 m

m

2018 JINST 13 T05008

Figure 1. The layout of the ATLAS inner tracking detector, including the additional IBL detector layer. The
inner positioning tube (IPT) supports the IBL staves and separates them from the beam pipe.
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Stave%Flex%C%

Stave%Flex%A%

Intermediate%Flex%

Type%1%Services%

Figure 2. Longitudinal view of the IBL detector and its services. The insert shows an enlarged 3-dimensional
view of the detector with its modules arranged cylindrically around the beam pipe.

The IBL stave configuration is shown in figure 3. Two module types [9] are installed on each
stave. A total of 12 double-chip planar n-in-n sensors similar to those equipping the Pixel detector,
each bump-bonded to two FE-I4B read-out chips, populate the central stave region. Four single-chip

– 4 –
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TID effects on ATLAS IBL operation

• The current of the FE-I4 chip (LV current) was stable at a value of 1.6–1.7A 
(for a four-chip unit) until the middle of September 2015. 

• The current then started to rise up significantly à consequence of Ileak 
increase in transistors.

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

• This led to a temperature increase of the modules.

• Increased IBL distortion.

• Drifting module calibration.

Irradiation induced effects in the FE-I4 front-end
chip of the ATLAS IBL detector

Alessandro La Rosa
on behalf of ATLAS collaboration

Abstract—The ATLAS Insertable B-Layer (IBL) detector was
installed into the ATLAS experiment in 2014 and has been in
operation since 2015. During the first year of IBL data taking
an increase of the low voltage currents associated with the FE-I4
front-end chip was observed and this increase was traced back to
the radiation damage in the chip. The dependence of the current
on the total-ionising dose and temperature has been tested with
X-ray and proton irradiations and will be presented in this paper
together with the detector operation guidelines.

I. INTRODUCTION

ATLAS [1] is a general-purpose experiment operating at
the Large Hadron Collider (LHC) at CERN. The ATLAS

detector was designed to be sensitive to a wide range of
physics signatures to fully exploit the physics potential of the
LHC at a nominal luminosity of 1034 cm�2s�1. As most of
the final states of collisions in the ATLAS experiment include
charged particles, an excellent tracking system is essential.

The ATLAS Insertable B-Layer (IBL) [2] is the innermost
layer of the ATLAS pixel detector [3]. It is one of the major
upgrades to the ATLAS experiment carried out during the long
shutdown of the LHC in 2013–2014.

The IBL detector is the additional fourth pixel layer that was
built around the new beryllium beam pipe and then inserted
inside the Pixel detector in the core of the ATLAS detector. It
consists of 14 carbon fibre staves instrumented along 64 cm,
2 cm wide, and tilted in � by 14o surrounding the beam-pipe
at a mean radius of 33 mm from the beam axis and providing
a pseudo-rapidity coverage of ± 3. Each stave, with integrated
CO2 cooling, is equipped with 32 front-end chips (FE-I4 [4])
bump bonded to silicon sensors.

The FE-I4 chip is designed in 130 nm CMOS technology
which features an array of 80 x 336 pixels with a pixel size
of 50 x 250µm2. Each pixel contains an independent, free
running amplification stage with adjustable shaping, followed
by a discriminator with independently adjustable threshold.
The FE-I4 keeps track of the time-over-threshold (ToT) of each
discriminator with 4-bit resolution, in counts of an external
supplied clock of 40 MHz frequency. The FE-I4 operates by
feeding the common power supply to analog signal amplifiers
and digital signal-process circuits, referred to as the low-
voltage (LV) power supply and the clock input.

The IBL detector is designed to be operational until the
end of the LHC Run 3, where the total integrated luminosity
is expected to reach 300 fb�1. The detector components are
qualified to work up to 250 Mrad of total ionising dose (TID).

Alessandro La Rosa is with the Max-Planck-Institut für Physik (Werner-
Heisenberg-Institut), Föhringer Ring 6, D-80805 München, Germany (tele-
phone: +41-22-76-63600 , e-mail: alessandro.larosa@cern.ch).

During the first year of the IBL operation in 2015 a
significant increase of the LV current of the front-end chip
and the detuning of its parameters (threshold and time-over-
threshold) have been observed in relation to the received TID.
In this paper, the TID effects in the FE-I4 chip are reported
based on studies performed in the laboratory using X-ray
and proton irradiation sources for various temperature and
irradiation intensity conditions. Based on these results, an
operation guideline of the IBL detector is presented.

II. OBSERVATIONS

During the operation of the IBL detector, the LV current
of the FE-I4 chip was stable at a value of 1.6–1.7 A (for a
four-chip unit) until the middle of September 2015. Then, the
current started to rise up significantly (see Figure 1), and the
change of the current during September to November 2015
was more than 0.2 A even within a single LHC fill, depending
on the luminosity and the duration of the fill.
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Fig. 1. Mean low voltage (LV) current in IBL FE-I4 chips during stable
beam as a function of integrated luminosity and total ionising dose (TID). In
the period from September to November 2015 the IBL detector was switched
off during one LHC fill (due to safety concerns in early October 2015). The
mean LV currents are averaged for all modules across 100 luminosity blocks
and there is no obvious dependence of LV current on module group position.
The TID is calculated from integrated luminosity [5].

With the increase of the LV current, the temperature of IBL
modules also changes (Figure 2). The change of the thermo-
mechanical condition of the IBL resulted in the change of
the IBL distortion magnitude, and a clear relation between
the module temperature and the distortion magnitude was
observed [6].

In addition, as shown for example in Figure 3, the calibra-
tion of the FE-I4 chips for the analog discriminator threshold
and the target ToT were observed to drift rapidly despite
frequent updating of the calibration.
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Fig. 5. Increase of the LV current of three single FE-I4 chips in data taking
condition as a function of the total ionising dose (TID) in logarithmic x-axis
scale. Test measurements were carried out at 38 �C (blue points), at 15 �C
(black points) and at � 15 �C (red points) with a dose rate of 120 krad h�1.
A dose rate up to 10 krad h�1 is expected in the experiment. The LV current
of the single FE-I4 chips before irradiation were 400 mA (38 �C), 360 mA
(15 �C) and 380 mA (� 38 �C) [15].
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Fig. 6. Increase of the LV current of two single FE-I4 chips in data taking
condition as a function of the total ionising dose (TID) in logarithmic x-
axis scale. Test measurements were carried out at 15 �C with a dose rate
of 120 krad h�1 (red points) and 420 krad h�1 (black points). A dose rate
up to 10 krad h�1 is expected in the experiment. The LV current of the
single FE-I4 chips before irradiation were 380 mA (420 krad h�1) and 360 mA
(120 krad h�1) [15].

lower temperatures; ii) at a given temperature, the LV current
increase is stronger at higher dose rates.

To simulate the dose rate conditions of the 2015 and
2016 data taking, a first irradiation was performed at �15 �C
and 120 krad h�1. This was followed by several hours of
annealing and a second irradiation this time performed at
5 �C and 420 krad h�1. As shown in Figure 7 the second LV
current peak is lower than the first one, i.e. by increasing the
operational temperature of the chip it was possible to keep the
increase of the LV current below the boundary current given
by the first irradiation.

To verify that a temperature of 5 �C is safe for the IBL
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Fig. 7. Increase of the LV current of a single FE-I4 chip in data taking
condition as a function of the total ionising dose (TID) in logarithmic x-axis
scale during two consecutive irradiation campaigns in a lab measurement.
Between the two irradiations several hours of annealing period at room
temperature was performed, and resulted in the observed recovery. The TID
of both irradiations is summed up. The LV current of a single FE-I4 chip
before irradiation was 380 mA (first step) and 550 mA (second step) [15].

detector operation, a measurement at 10 krad h�1 was per-
formed. The maximum LV current increase was of the order
of 250 mA, which gives a LV current increase of 1 A for a
four-chip unit, which would not exceed the safety limit of the
LV current originally set to 2.8 A.

In principle, lower operational temperatures are favourable
for the sensor performance and properties after irradiation
and therefore preferred. Consequently, irradiation and elec-
trical tests were also performed at a temperature of 0 �C to
investigate the feasibility for a colder operation. In addition
investigated was the evolution of the maximum of the LV cur-
rent peak under several irradiation steps followed, interleaved
with periods of annealing. In this case the first two consecutive
peaks of the LV current increase exceeded the maximum
current allowed for a safe detector operation. Therefore, it was
decided to set 5 �C as minimum temperature for a safe and
successful data taking.

IV. DETECTOR OPERATION GUIDELINE

Based on the observations during the first year of data-
taking in 2015 with the IBL detector, it was decided to raise
the safety limit for the IBL LV currents from 2.8 A to 3 A
for module groups of four chips, which means a current
consumption of 750mA per chip. Since the average current
consumption for a sigle FE-I4 chip is about 400mA before
irradiation, the increase of the current due to the TID effects
can not be higher than 350mA per chip.

Given the above results it was decided to increase the IBL
operation temperature from � 10 �C to 15 �C. In addition, the
digital supply voltage (VD) was lowered from 1.2 V to 1 V to
decrease the LV current.

Thanks to dedicated measurements at 5 �C and at a dose
rate comparable to the LHC in 2016 (10 krad h�1), it is proven
that the current increase is of the order of 250mA. With this a
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(black points) and at � 15 �C (red points) with a dose rate of 120 krad h�1.
A dose rate up to 10 krad h�1 is expected in the experiment. The LV current
of the single FE-I4 chips before irradiation were 400 mA (38 �C), 360 mA
(15 �C) and 380 mA (� 38 �C) [15].
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Fig. 6. Increase of the LV current of two single FE-I4 chips in data taking
condition as a function of the total ionising dose (TID) in logarithmic x-
axis scale. Test measurements were carried out at 15 �C with a dose rate
of 120 krad h�1 (red points) and 420 krad h�1 (black points). A dose rate
up to 10 krad h�1 is expected in the experiment. The LV current of the
single FE-I4 chips before irradiation were 380 mA (420 krad h�1) and 360 mA
(120 krad h�1) [15].

lower temperatures; ii) at a given temperature, the LV current
increase is stronger at higher dose rates.

To simulate the dose rate conditions of the 2015 and
2016 data taking, a first irradiation was performed at �15 �C
and 120 krad h�1. This was followed by several hours of
annealing and a second irradiation this time performed at
5 �C and 420 krad h�1. As shown in Figure 7 the second LV
current peak is lower than the first one, i.e. by increasing the
operational temperature of the chip it was possible to keep the
increase of the LV current below the boundary current given
by the first irradiation.

To verify that a temperature of 5 �C is safe for the IBL

TID [Mrad]
1−10 1 10

C
ur

re
nt

 in
cr

ea
se

 [A
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4
120krad/h @-15C

420krad/h @+5C

ATLAS   Pixel Preliminary

Fig. 7. Increase of the LV current of a single FE-I4 chip in data taking
condition as a function of the total ionising dose (TID) in logarithmic x-axis
scale during two consecutive irradiation campaigns in a lab measurement.
Between the two irradiations several hours of annealing period at room
temperature was performed, and resulted in the observed recovery. The TID
of both irradiations is summed up. The LV current of a single FE-I4 chip
before irradiation was 380 mA (first step) and 550 mA (second step) [15].

detector operation, a measurement at 10 krad h�1 was per-
formed. The maximum LV current increase was of the order
of 250 mA, which gives a LV current increase of 1 A for a
four-chip unit, which would not exceed the safety limit of the
LV current originally set to 2.8 A.

In principle, lower operational temperatures are favourable
for the sensor performance and properties after irradiation
and therefore preferred. Consequently, irradiation and elec-
trical tests were also performed at a temperature of 0 �C to
investigate the feasibility for a colder operation. In addition
investigated was the evolution of the maximum of the LV cur-
rent peak under several irradiation steps followed, interleaved
with periods of annealing. In this case the first two consecutive
peaks of the LV current increase exceeded the maximum
current allowed for a safe detector operation. Therefore, it was
decided to set 5 �C as minimum temperature for a safe and
successful data taking.

IV. DETECTOR OPERATION GUIDELINE

Based on the observations during the first year of data-
taking in 2015 with the IBL detector, it was decided to raise
the safety limit for the IBL LV currents from 2.8 A to 3 A
for module groups of four chips, which means a current
consumption of 750mA per chip. Since the average current
consumption for a sigle FE-I4 chip is about 400mA before
irradiation, the increase of the current due to the TID effects
can not be higher than 350mA per chip.

Given the above results it was decided to increase the IBL
operation temperature from � 10 �C to 15 �C. In addition, the
digital supply voltage (VD) was lowered from 1.2 V to 1 V to
decrease the LV current.

Thanks to dedicated measurements at 5 �C and at a dose
rate comparable to the LHC in 2016 (10 krad h�1), it is proven
that the current increase is of the order of 250mA. With this a

120 krad/h 

TID [Mrad]
1−10 1 10

C
ur

re
nt

 in
cr

ea
se

 [A
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

-15C

+15C

+38C

ATLAS   Pixel Preliminary

Fig. 5. Increase of the LV current of three single FE-I4 chips in data taking
condition as a function of the total ionising dose (TID) in logarithmic x-axis
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A dose rate up to 10 krad h�1 is expected in the experiment. The LV current
of the single FE-I4 chips before irradiation were 400 mA (38 �C), 360 mA
(15 �C) and 380 mA (� 38 �C) [15].
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condition as a function of the total ionising dose (TID) in logarithmic x-
axis scale. Test measurements were carried out at 15 �C with a dose rate
of 120 krad h�1 (red points) and 420 krad h�1 (black points). A dose rate
up to 10 krad h�1 is expected in the experiment. The LV current of the
single FE-I4 chips before irradiation were 380 mA (420 krad h�1) and 360 mA
(120 krad h�1) [15].

lower temperatures; ii) at a given temperature, the LV current
increase is stronger at higher dose rates.

To simulate the dose rate conditions of the 2015 and
2016 data taking, a first irradiation was performed at �15 �C
and 120 krad h�1. This was followed by several hours of
annealing and a second irradiation this time performed at
5 �C and 420 krad h�1. As shown in Figure 7 the second LV
current peak is lower than the first one, i.e. by increasing the
operational temperature of the chip it was possible to keep the
increase of the LV current below the boundary current given
by the first irradiation.

To verify that a temperature of 5 �C is safe for the IBL
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Fig. 7. Increase of the LV current of a single FE-I4 chip in data taking
condition as a function of the total ionising dose (TID) in logarithmic x-axis
scale during two consecutive irradiation campaigns in a lab measurement.
Between the two irradiations several hours of annealing period at room
temperature was performed, and resulted in the observed recovery. The TID
of both irradiations is summed up. The LV current of a single FE-I4 chip
before irradiation was 380 mA (first step) and 550 mA (second step) [15].

detector operation, a measurement at 10 krad h�1 was per-
formed. The maximum LV current increase was of the order
of 250 mA, which gives a LV current increase of 1 A for a
four-chip unit, which would not exceed the safety limit of the
LV current originally set to 2.8 A.

In principle, lower operational temperatures are favourable
for the sensor performance and properties after irradiation
and therefore preferred. Consequently, irradiation and elec-
trical tests were also performed at a temperature of 0 �C to
investigate the feasibility for a colder operation. In addition
investigated was the evolution of the maximum of the LV cur-
rent peak under several irradiation steps followed, interleaved
with periods of annealing. In this case the first two consecutive
peaks of the LV current increase exceeded the maximum
current allowed for a safe detector operation. Therefore, it was
decided to set 5 �C as minimum temperature for a safe and
successful data taking.

IV. DETECTOR OPERATION GUIDELINE

Based on the observations during the first year of data-
taking in 2015 with the IBL detector, it was decided to raise
the safety limit for the IBL LV currents from 2.8 A to 3 A
for module groups of four chips, which means a current
consumption of 750mA per chip. Since the average current
consumption for a sigle FE-I4 chip is about 400mA before
irradiation, the increase of the current due to the TID effects
can not be higher than 350mA per chip.

Given the above results it was decided to increase the IBL
operation temperature from � 10 �C to 15 �C. In addition, the
digital supply voltage (VD) was lowered from 1.2 V to 1 V to
decrease the LV current.

Thanks to dedicated measurements at 5 �C and at a dose
rate comparable to the LHC in 2016 (10 krad h�1), it is proven
that the current increase is of the order of 250mA. With this a
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Fig. 2. Performance of the IBL modules during high luminosity proton-
proton collision runs from September to November 2015, separated into the
periods before (red circles) and after (black triangles) the long power-off on
October 6. The data are displayed as a function of the average module current
per 4 front-ends of the IBL and compared to a linear dependence. The average
module temperature is shown [7].
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III. IRRADIATION TEST-RESULTS

The increase of the LV current of the FE-I4 chip and
the drifting of its tuning parameters were traced back to
the generation of a leakage current in NMOS transistors
induced by radiation higher than usual. The radiation induces
positive charges that are quickly trapped into the shallow-
trench-insolation (STI) oxide at the edge of the transistor.
Their accumulation builds up an electric field sufficient to
open a source-drain channel where the leakage current flows.
If the accumulation of positive charges is relatively fast, the
formation of interface states is a slower process. The negative
charges trapped into interface states start to compete with
the oxide-trapped charges with a delay. This is what gives
origin to the so called rebound effect [9]. Dedicated laboratory
measurements [10] of irradiated single transistors in 130 nm
CMOS commercial technologies showed that the increase of

the leakage current reaches its peak value between 1 Mrad and
3 Mrad. For higher TID the current decreases to a value close
to the pre-irradiated one.

To reproduce and analyse the effects described above during
the FE-I4 chip operation, several irradiations and electrical
tests were performed by using X-ray (Seifert RP149 [11], and
XRAD-iR-160 [12]) and proton (Bern Cyclotron [13]) sources.
Since the current increase in NMOS transistors depends on
dose rate and temperature [9], measurements under different
temperature and dose rate conditions have been carried out to
qualify this dependency.

The first irradiation test aimed at measuring the boundary
current (at a given temperature and dose rate) that the chip
always approaches after annealing periods and re-irradiation.
Figure 4 shows the increase of the current consumption of a
single FE-I4 chip in data taking condition as a function of the
TID. The temperature of the chip was 38 �C and the dose rate
120 krad h�1. After reaching the maximum of each peak the
chip was annealed for several hours resulting in the observed
partial recovery.

Fig. 4. Increase of the current consumption of a single FE-I4 chip in data
taking condition as a function of the total ionising dose (TID). The temperature
of the chip was 38 �C and the dose rate 120 krad h�1. After reaching the
maximum of each peak the chip was annealed several hours resulting in the
observed partial recovery [15]. The fit performed on the first set of data (first
peak) has been carried out by using the current parametrisation described in
Ref. [14].

Then, to study the dependence of the LV current increase
on temperature and dose rate several irradiation tests were
performed by setting one of those variables and changing
the other. Figure 5 shows the results of three different mea-
surements, performed with three different and previously not
irradiated chips. The dose rate was 120 krad h�1 and the tem-
peratures were 38 �C, 15 �C and � 38 �C. Before irradiation
the LV current of the three chips was 400 mA (38 �C), 360 mA
(15 �C) and 380 mA (� 38 �C). For comparison Figure 6 shows
the result of two different measurements where the temperature
was kept fix at 15 �C, while the dose rate set to 120 krad h�1

or 420 krad h�1. Also in this case the tests were performed
with different and previously not irradiated chips.

The measurements described above revealed two facts: i)
at a given dose rate the LV current increase is stronger at15C

• Important findings:

• At a given temperature and dose rate, the current always approaches a 
boundary after annealing periods and re-irradiation. 

• At a given dose rate, the LV current increase is stronger at lower temperatures. 

• At a given temperature, the LV current increase is stronger at higher dose rates. 

• By increasing the operational temperature of the chip during irradiation the 
increase of the LV current can be kept below the boundary.

DOI:10.1109/NSSMIC.2016.8069865
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IBL mitigation strategy

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

• The digital voltage was increased back to 1.2V after 5 Mrad, well beyond 
the peak of current increase.

module group of four chips does not exceed the safety limit of
3 A. Therefore operating the IBL detector at 5 �C is safe with
respect to the expected luminosity in 2016. The temperature of
the IBL cooling system was lowered to a set point of 5 �C. The
digital supply voltage (VD) was raised from 1 V to 1.2 V, after
an accumulated dose of ⇠5 Mrad which, as the measurements
show, is well beyond the high peak region for the current
consumption.
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Fig. 8. Mean Low Voltage (LV) current in IBL FE-I4 chips during stable
beam against integrated luminosity and total ionising dose (TID); values are
averaged for all modules across 100 luminosity blocks. Changes in digital
voltage (VD) are highlighted. The set temperatures (TSet) of the modules
correspond to actual module temperatures of about -5�C, 20�C and 10�C.
There were significant increases in LV current during 2015; this was addressed
in 2016 by increasing the module temperatures and decreasing the digital
voltage. The digital voltages were later increased back to decrease readout
error frequency [5].

An overview of the mean LV current of the IBL FE-I4 chips
as a function of integrated luminosity and TID during stable
beam is shown in Figure 8. The LV currents are averaged for
all modules across 100 luminosity blocks, and the changes
in digital supply voltage (VD) and the temperature (TSet) are
highlighted.

In addition, since the shift of the tuning parameters can
be seen even at low dose rates and warmer temperatures, a
retuning on a regular basis was performed.

V. SUMMARY

The Insertable B-Layer (IBL) is the innermost pixel barrel
layer of the ATLAS detector installed in 2014.

During the first year of data taking in 2015, a peculiar
increase of the LV current of the front-end chip and the
detuning of its parameters (threshold and time-over-threshold)
have been observed in relation to received total ionising dose.
It was tracked back to the generation of a leakage current in
NMOS transistors induced by radiation.

Dedicated irradiation and electrical tests of FE-I4 chips
showed that the leakage current reaches its peak value when
the total ionising dose is in the range of 1 Mrad – 3 Mrad,
and above this the current decreases to a value close to the
pre-irradiation one. This effect was shown to be temperature
and dose rate dependent.

Thanks to intensive studies it was possible to apply special
detector settings to still guarantee a successful data-taking.
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TID mitigation measures for the ATLAS ITk

• The ITk is the new ATLAS Inner Tracker system for the HL-LHC.

• All-silicon detector made of pixels and strips layers.

• The readout chip for the strips detector, the ABCStar, is designed in the 
same 130 nm CMOS process as the FE-I4.

• Max TID at ITk for the ABCStar = 60-70 Mrad.

• Enclosed layout transistors are used in the analogue part of the chip.

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

• Slow dose rate to estimate current increase during operation, high dose rate 
studies to gather information on larger samples of chips.

ABCStar Current vs. fast TID
� tĞůů�ŬŶŽǁŶ�ƚŚĂƚ�ƚŚĞ�'&�ϭϯϬ�ƉƌŽĐĞƐƐ�ĚĞŵŽŶƐƚƌĂƚĞƐ�Ă�͞d/��ƉĞĂŬ͟�ĚƵƌŝŶŐ�ŝƌƌĂĚŝĂƚŝŽŶ
� Peak size is dependent on both dose rate and temperature

� Higher dose rate gives higher peak
� Lower temperature gives higher peak

� Initial confirmation of presence of TID peak done using x-ray machine at RAL

7

ABC130 ABCStar

ABCStar Current vs. slow TID

� Using the Co-60 source at BNL, we 
can investigate TID peaks at more 
representative conditions for LHC 
running

� Look at dose dependence at -10 C with 
irradiations at 0.6, 1.1 and 2.5 krad/hr

� Look at temperature dependence at 
0.6 krad/hr at 0 and -10 C

� These results can be fed directly 
into thermoelectric modelling of 
the system to understand 
cooling/powering requirements as a 
function of time

8

ABC130 Batch Studies
� Slow rate irradiations have the problem that we cannot run characterisation of large numbers of chips
� WĞƌĨŽƌŵ�͞ŚŝŐŚ�ƐƚĂƚƐ͟�ƐƚƵĚŝĞƐ�ƵƐŝŶŐ�ŚŝŐŚĞƌ�ƌĂƚĞ�ǆ-ray machine at RAL
� This allows us to look at the variation of the TID effect between production batches, wafers and between chips 

within wafers
� First look at variation between wafers and batches looking at same chip on each wafer

9

Different production 
batches demonstrate 
differing peak heights
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ATLAS ITk TID consequences and mitigations

• Consequences of higher current for the operation:

• Cable plant and cooling system requirements need to be adapted

• Implications on system stability/alignment during runs.

• Voltage regulators cannot support more Vdrop on cables.

• Higher transients from module switch off.

• Un-predictable wafer-by-wafer and batch-by-batch variations.

• Thermo-electric models based on very low statistics.

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

• After pre-irradiation and annealing, current peak is lower.Pre-irradiation results

23

Pre-irradiated wafer scan

Oven annealed
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TID effects in CMOS 65 nm and 28 nm

• TID effects become more complex in smaller technology nodes.

• Thinner gate oxide is beneficial however…

• Thick oxides still presents.

• Effect from other structures, such as gate spacers (nitride).

• Radiation Induced Short Channel Effect (RISCE).

• Suggestions for reading:

• F. Faccio et at., Influence of LDD Spacers and H++ Transport on the Total-
Ionizing-Dose Response of 65-nm MOSFETs Irradiated to Ultrahigh Doses, 
DOI: 10.1109/TNS.2017.2760629

• G. Borghello, Ultra-high-dose effects on 28nm CMOS technology, 
https://indico.cern.ch/event/863071/contributions/3738765/attachments/204
4482/3424763/ACES_2020.pdf

https://doi.org/10.1109/TNS.2017.2760629
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Summary and final considerations

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

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

• Work on the silicon technologies is supported by modelling and simulations 
(see work by the RD50 collaboration).

• Silicon detectors exist that will be able to cope with the HL-LHC 
environment, i.e. up to 2 x 1016 neq/cm2 and 1 Grad.

• For future hadron colliders (e.g. FCC hh), radiation levels will increase to 6 
x 1017 neq/cm2 and 40 Grad à Completely new challenge; Will silicon still 
work? Will we need new materials? Which ones? …


