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Application	Specific	Integrated	Circuits	(ASICs)

Integrated	circuits	(CHIPS)	are	used	
	in	High	Energy	Physics	experiments…
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Integrated	circuits	(CHIPS)	are	used	
	in	High	Energy	Physics	experiments…

…	but	also	in	phones,	PCs,	domestic	appliances,	
cars.	Actually,	everywhere!



Inside	the	package

Integrated	circuits	(CHIPS)	are	
manufactured	on	a	silicon	wafer,	each	
containing	a	multitude	of	identical	chips

After	wafer	dicing,		
individual	chips	are	
most	often	assembled	
in	a	plastic	package



Transistors	to	make	a	CHIP

Drawing	to	manufacture	
6	transistors	
(in	the	red	squares)

A	CHIP	is	made	up	of	transistors	connected	to	form	a	circuit

Thousands	of	transistors	interconnected	by	metal	lines



Transistors’ drain-source current is controlled by the voltage applied to the gate  
and is proportional to the physical size (W/L, where W is the width and L the length)
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Transistors’ drain-source current is controlled by the voltage applied to the gate  
and is proportional to the physical size (W/L, where W is the width and L the length)

N-channel	transistor	(NMOS)

P-channel	transistors	(PMOS)	are	the	same		
but	they	have	reverse	polarity	(n	and	p	doped	regions	are	inverted)

CMOS	technologies	use	both	
NMOS	and	PMOS	transistors
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Connecting transistors to form a circuit: analog design

Schema,c:	plan	of	the	connec,on	scheme Layout:	plan	for	the	manufacturing	(masks)

Simula,on	of	the	schema,c:	waveforms



Connecting transistors to form a circuit: high-level digital design

Code:	func,onal	descrip,on	of	the	circuit
Layout:	plan	for	the	manufacturing	(masks)	
Automa,cally	generated

Blocks	used	by	the	automa,c	generator	
(pre-exis,ng	in	a	library	with	physical	descrip,on	and	electrical	parameters)



Printing	1012	tiny	transistors	in	a	CHIP

”PhotoMask”	used		
in	IC	manufacturing

All	features	(transistors,	connection	lines,	…)	are	manufactured	by	“printing”	features	
on	the	silicon	wafer,	then	exposing	the	printed	zones	to	specific	processing	steps.	

Images	are	first	produced	on	“PhotoMasks”,	then	printed	–	on	a	much	smaller	size	–	
on	the	wafer	using	very	complex	lithographic	steps



Silicon	Wafer	Manufacturing	
A	giant	to	make	a	tiny	dot

Aerial	view	of	a	manufacturing	site	(“FAB”)	
where	silicon	wafers	are	produced Bacteria

1	um 100	nm 10	nm 1	nm

Viruses Proteins DNA

Transmission-Electron	
Microscope	view	
of	a	single	MOS	
transistor

Throughput	～ 2500	wafers/day,		
each	with	7-70	Trillion	MOS	transistors



Silicon	Wafer	Manufacturing	
Look	inside	a	giant	“FAB”

Very	few	human	operators	are		needed

Wafers	travel	
through	processing	
equipment		
in	sealed	vessels
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STI-RELATED EFFECTS

smaller transistor = 
higher performance
lower power
higher integration

The semiconductor industry has strived to scale the size of the CMOS transistors 
to smaller dimensions  
Each generation is characterised by the minimum printable shape (called technology “Node”)

08/02/2019 12

STI-RELATED EFFECTS
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The	electronics	in	the	LHC	experiments	is	immersed	in	a	radia-on	field	generated	
by	the	p-p	collisions	at	their	center.

ATLAS

Collisions	at	the	center:	the	radia,on	field	is	more	intense	in	the	inner	detector	layers	and	
decreases	with	the	distance.



Main	par-cles	responsible	for	radia-on	effects	in	semiconductor	materials

Energe-c	protons	interact	with	atoms	in	the	
material	they	traverse.		
They	can	loose	energy	per	unit	path	length	via	
ionising	or	non-ionising	processes.

proton

Silicon	or	other	
material

Energy	loss	in	Silicon

Ionising

nuclear

Total

Non-Ionising

proton neutron electron muon Ion photonpion



charged particle
or photon

neutral atom 
or molecule

charged atom 
or molecule

electron-hole pair

interaction with 
an electron

. 

 

3 Displacement damage production 
 
3.1 Inelastic collision with atomic electrons 
When a charged particle passes through matter it is first slowed down by inelastic collisions with 

bound atomic electrons. During such interaction, electrons could either transit to a bound excited state or 
to an unbound state (ionization).  

Subsequently, when the energy of the incident particle is low enough, it has more time to interact with 
the target atomic nuclei and could transmit part of its energy to them. This energy could be exchanged 
through elastic or inelastic scattering.  

 
3.2 Coulomb elastic scattering 
Coulomb elastic scattering occurs when charged particles such as protons or electrons react, through 

Rutherford scattering, with the positive charge of the nuclei screened by the electron cloud. It is worth 
mentioning that neutrons having no electric charge, they do not experience this kind of scattering 
mechanism. 

If the energy transferred during the reaction T  is larger than the displacement threshold energy dT , 

the primary knock-on atom (PKA) could be dislodged from its lattice position producing a primary defect 
called vacancy-interstitial pair or Frenkel pair.  

 
 

 
(a) 
 
 

 
 

(b) 
 

Figure 3: Illustration of the creation of interstitials and vacancies during a proton irradiation. 
 

In silicon, the most commonly used threshold energy is 21 eV but values between 13 to 25 eV may be 
found. This dispersion is due to the fact that this parameter is difficult to evaluate either theoretically or 
experimentally because its value varies with the direction of recoil. Depending on the material, actual 
values range from a few electron-volts to tens of electron-volts. As shown in Figure 4 there is an empirical 
relationship between dT  and the lattice parameter of the target. 

 
 

aeer	C.Virmontois,	“Displacement	Damage	in	optoelectronic	devices	
for	space	applica,ons”,	Short	Course	at	the	2017	RADECs,	Geneva

Ionising	Energy	Loss:		
electron-hole	pair	crea,on

Non-Ionising	Energy	Loss	(NIEL):		
atoms	are	displaced	from	their	regular	
posi,on	in	the	lagce,	giving	origin	to	
inters,,als	and	vacancies.	
The	disturbance	in	the	crystal	lagce	
periodicity	has	associated	discrete	
energy	levels	in	the	forbidden	energy	
band-gap.	These	influence	genera,on-
recombina,on	processes	in	the	
material.

. 
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Neutrons,	protons	and	pions	can	also	interact	with	the	nuclei	of	the	material	
(if	their	energy	is	sufficient	to	overcome	the	repulsive	electrosta,c	barrier	of	the	nuclei).	
Typically	this	will	produce	a	shower	of	secondary	par-cles	and	one	nuclear	recoil	(Si,	Mg,	Li,	He,	…)	
with	much	higher	dE/dx	and	small	range.

Energy	loss	in	SiliconEnergy	loss	in	Silicon

Peak	dE/dx	for	a	proton

More	representa,ve	energy	
range	of	protons

proton

nucleus

recoil

(Si, Mg, Li, He, …)



Fig. 2. Ranges of a few ion types in silicon (!"2.33 g/cm!).

Fig. 3. Maximum ionization loss of a few ion types in silicon
(!"2.33 g/cm!). The curves show the maximum of the integral
of ionizing dE/dx over the indicated path length.

with some modi"cations which make the
code more suitable for our application and allow
to treat a full atomic cascade. For the latter pur-
pose we have introduced the explicit production of
secondary recoils when the ion collides with lattice
atoms.

Fig. 2 shows the ranges of some ion species as
a function of the energy. We can see that for the
energies and ion types of interest for us the ranges
are typically a few microns. Although an !-particle
with 10 MeV kinetic energy can traverse several
tens of microns in silicon the short ranges } and
much higher dE/dx } of heavy fragments suggest
that we have to put our main emphasis on events in
close vicinity of the SV.

Not only the range of a fragment is interesting,
but also the maximum ionization it can deposit
along a given path length. Due to the very large
energy loss dE/dx varies rapidly and the curves in
Fig. 1 have to be integrated in small steps. The
results of such an integration is shown in Fig. 3 for
pre-determined path lengths of 1, 2 and 4 "m. All
curves reach a de"nite saturation value which
means that the range is large enough so that the
integral over the given path length is centered
around the maximum energy loss. Another inter-
pretation of the curves is that up to the saturation

point the maximum loss is always in the "rst track
segment of the given length. For energies beyond
the saturation point the maximum appears some-
where further down the track. A very interesting
feature is that the ionization of an !-particle is
actually higher than that of silicon at low energies.
The reason is that the silicon ion loses a signi"cant
portion of its energy by non-ionizing processes
whereas most of the energy loss of the ! goes into
ionization.

It should be remarked that both Figs. 2 and 3
are based on a simple integration of the energy
loss, i.e. direction changes of the ion are not
considered. Thus, the range gives an upper limit
for the penetration depth of an ion. Correspond-
ingly the maximum ionization at low ion energies
might be slightly underestimated because the ion
is likely to undergo several random scatterings
just before stopping. In our full SEU simulations
all these scattering e!ects are properly accounted
for.

The energy loss of high-energy hadrons in thin
layers shows the typical Landau distribution, where
the tail corresponds to energetic knock-on elec-
trons. The energy transfer is limited by kinematics

158 M. Huhtinen, F. Faccio / Nuclear Instruments and Methods in Physics Research A 450 (2000) 155}172

When	a	recoil	with	high	dE/dx	crosses	a	biased	p-n	junc-on,	a	large	amount	of	
charge	can	be	collected	rapidly	at	the	electrodes.		
These	recoils	have	short	range,	so	they	must	come	from	an	interac-on	in	
proximity	of	the	junc-on	(order	of	1-10um	for	the	recoils	with	high	dE/dx)

proton

nucleus

recoil

aeer	Huh,nen	and	Faccio,	“Computa,onal	method	
to	es,mate	Single	Event	Upset	rates	in	an	accelerator	
environment”,	NIM	A	450	(2000)
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HL-LHC
LHC

deep	space	probes

satellites

1krad 10krad 100krad 1Mrad 10Mrad 1Grad100rad10rad1rad 100Mrad

can be killed in 20minutes in our X-ray facility

Braconidae	(Insect),	180krad
Deinococcus	Radiodurans	

(Bacteria),	1.5Mrad

Thermococcus	gammatolerans	
(Archaea),	3Mrad

Homo	Sapiens	Sapiens	
(Mammals),	0.4-1krad

Total	Ionising	Dose	(TID)	effects	are	traceable	to	the	ionising	energy	loss	in	the	material,	
generally	SiO2	
The	unit	for	deposited	dose	is	the	Rad		
(in	the	interna,onal	system	it	is	the	Gy,	where	1	Gy	=	100	rad)
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aeer	T.R.Oldham	and	F.B.McLean,	“Total	Ionizing	Dose	Effects	in	MOS	Oxides	
and	Devices”,	IEEE	TNS	50,	n.3,	2003	

484 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 50, NO. 3, JUNE 2003

Fig. 1. Schematic of n-channel MOSFET illustrating radiation-induced charging of the gate oxide: (a) normal operation and (b) post-irradiation.

Fig. 2. Schematic energy band diagram for MOS structure, indicating major
physical processes underlying radiation response.

a remnant negative voltage shift, which can persist for hours or
even for years. But even these stable trapped holes undergo a
gradual annealing, which is illustrated in Fig. 3.
The fourth major component of MOS radiation response

is the radiation-induced buildup of interface traps right at the
Si/SiO interface. These traps are localized states with energy
levels in the Si band-gap. Their occupancy is determined by
the Fermi level (or by the applied voltage), giving rise to a
voltage-dependent threshold shift. Interface traps are highly
dependent on oxide processing and other variables (applied
field and temperature).
Fig. 3 is schematic in that it does not show real data, but

it reasonably represents the main features of the radiation re-
sponse of a hardened n-channel MOS transistor. The range of
data, from 10 s to 10 s, is enormous, as it has to be to in-
clude qualitatively the four main processes we have discussed.
For the oxide illustrated in Fig. 3, a relatively small fraction of
the holes reaching the interface are trapped, which is why we
say it is realistic for a hardened oxide. Many oxides would trap
more charge than is shown here. In addition, the final threshold
shift, including interface traps, is positive (the so-called rebound
or superrecovery effect) here because the number of negatively
charged interface traps finally exceeds the number of trapped
holes. Not all oxides really have this behavior, but it is one of
the results which can be considered “typical.”

Fig. 3. Schematic time-dependent post-irradiation threshold voltage recovery
of n-channel MOSFET, relating major features of the response to underlying
physical processes.

III. DESCRIPTION OF BASIC PHYSICAL PROCESSES
UNDERLYING THE RADIATION RESPONSE OF MOS DEVICES

Next, we consider these basic physical mechanisms in more
detail and provide critical references. But for a complete review,
the readers should consult the references.

A. Electron-Hole Pair Generation Energy
The electron/hole pair creation energy was determined to

be 18 3 eV byAusman andMcLean [4], based on experimental
data obtained by Curtis et al. [5]. This result has been confirmed
independently by others [6], [7], including a more accurate set
of measurements and analysis by Benedetto and Boesch, Jr. [8],
which established eV. From this value of , one
can calculate the charge pair volume density per rad,

pairs cm -rad. But this initial density is quickly reduced
by the initial recombination process, which we discuss next.

B. Initial Hole Yield
The electrons are swept out of the oxide very rapidly, in a

time on the order of a picosecond, but in that time some frac-
tion of them recombine with the holes. The fraction of holes es-
caping recombination, , is determined mainly by two

(!1 MeV) and !10 eV ultraviolet (UV) irradiation [7].
In this experiment, energy from the Co-60 irradiation is
absorbed approximately uniformly throughout the ox-
ide. In contrast, the non-penetrating 10-eV photons are
absorbed only at the top surface. Hence, the similarities
in densities in these two cases indicate that interface
traps mostly are not created by the direct interaction of
highly penetrating radiation with weak bonds at the Si/
SiO2 interface [8]. Instead, interface-trap formation
usually occurs as a result of a series of processes initiated
by the creation of electron–hole (e–h) pairs in the SiO2,
and/or the subsequent transport of the holes to the Si/
SiO2 interface [7,9]. This process is illustrated schemat-
ically in Fig. 2. Follow-on studies by Winokur and co-
workers of the dose, temperature, processing, radiation
bias, annealing time and bias dependences provide a
detailed understanding of radiation-induced interface-
trap buildup in metal gate capacitors [7,9–12]. For
example, the time and temperature dependences of ra-
diation-induced interface-trap buildup are shown in Fig.
3 for Al-gate capacitors [10]. From these and other re-
lated studies, it was inferred that the activation energy
for MOS interface-trap buildup in metal gate capacitors
is !0.8 eV [10]. Moreover, the delay in interface-trap
formation after a LINAC pulse and the variations in
time dependence of interface-trap formation during
switched-bias irradiation and annealing studies clearly
demonstrate that interface-trap formation is a two-stage
process [9–12]. The first stage of the process is associated
with hole transport through the SiO2 and/or trapping
near the Si/SiO2 interface, with the accompanying re-
lease of a positive ion. The second stage involves the
transport of this ion to the Si/SiO2 interface and its
subsequent interaction, leading to an interface trap. It
was argued persuasively in 1980 by McLean that this ion
was Hþ [13]. This semi-empirical model of Hþ transport

and reactions captures many of the essential features of
interface-trap formation, and still forms a foundation
for many present models of interface-trap formation in
MOS devices, as discussed further below. In an early
example of the synergies that are often observed in
radiation effects and reliability studies, McLean also
demonstrated the consistency of the hydrogen model of
radiation-induced interface-trap formation with experi-
mental results on the temperature dependence of inter-
face-trap formation during high-field stress obtained by
Hu and Johnson [13,14].

Despite the early success of the two-stage hydro-
gen model, alternative explanations for interface-trap
buildup to the hydrogen model of McLean et al. have
always remained popular within both the radiation
effects and reliability communities, especially models
suggesting a more direct conversion of trapped holes to
interface traps. Variations on the general theme of
trapped positive charge being converted to interface
traps without the explicit inclusion of hydrogen release
and reaction have been proposed by many workers in
the field, often as a result of experiments that show
trapped positive charge in the SiO2 disappearing at a
rate similar to the rate of interface-trap formation [14–
21]. Of course, both Hþ ions and trapped holes are
charged positively when transporting or trapped in SiO2,
so the interpretation of at least some of these studies is
open to alternative explanations. Moreover, electron-
paramagnetic resonance studies found no link [22] be-
tween the reduction of holes trapped in E0 centers (a
trivalent Si defect associated with an O vacancy, which
has been identified as the most common type of hole

Fig. 2. Schematic illustration of hydrogen release during hole
transport through SiO2 after ionizing radiation exposure. The
subsequent transport, trapping, and/or reaction of hydrogen-
related species (e.g., protons) can lead to oxide, interface, or
border-trap charge buildup in MOS devices.

Fig. 3. Interface-trap charge densities as a function of post-ir-
radiation annealing time and temperature after an 800 krad
(SiO2) radiation pulse from a 13-MeV electron linear accelera-
tor. These devices were Al gate capacitors with 96.5 nm wet
oxides, irradiated at 4 MV/cm oxide electric field, and then
annealed at the same bias after irradiation (after Ref. [10], !
1977, Institute of Electrical and Electronics Engineers, IEEE).

D.M. Fleetwood / Microelectronics Reliability 42 (2002) 523–541 525

aeer	D.M.Fleetwood,	“Effects	of	hydrogen	transport	and	reac,ons	on	microelectronics	
radia,on	response	and	reliability	“,	Microelectronics	Reliability	42	(2002)	523–541	

Interface	traps	require	the	migra,on	of	hydrogen		
to	the	interface	(“interface	states”).	
The	trapped	charge	depends	on	the	energy	at	the	
interface	(NMOS	=>	NEGATIVE,	PMOS	=>	POSITIVE)

Holes	generated	by	ionisa,on	can	be	trapped	in	the	
oxide	(“oxide	trapped	charge”).	
The	trapped	charge	is	always	POSITIVE.

n+

poly

n+

p
STI STI siliconpoly oxide

TID-induced	transistor	degrada-on	is	due	to	charge	trapped	in	the	SiO2	or	
at	its	interface	with	the	channel



Defects	in	the	gate	oxide,	in	the	form	of	oxide	trapped	charge	and	
interface	traps,	influence	the	characteris,cs	of	the	transistor

- Threshold	voltage	
- Transconductance	(mobility)	
- Noise

Defects	in	the	field	oxide	(separa,on	between	transistors)	
might	give	origin	to	leakage	currents
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Figure 4.24.  Drain current versus gate voltage as a function of total dose for a 
0.25-µm minimum geometry NMOS transistor fabricated at TSMC biased for 
worst case (After [Laco-00]). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 4.25.  Drain current versus gate voltage as a function of total dose for a 
0.18-µm minimum geometry NMOS transistor fabricated at TSMC biased for 
worst case.  Insert is graph of ID(0 V) versus dose (After [Laco-01]). 
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Defects	in	the	field	oxide	might	give	origin	to	leakage	currents	
in	NMOS	transistors	only

polysilicon)gate)

pre/metal)oxide)

STI) STI)+)
+)

+)+)
+)
+)+) +)

+)
+)+)
+)
+)+)+)+)

+)
+)
+)

/)
/)/)
/)/)/)

+)+)
+)
+)
+)

STI) STI)+)
+)

+)+)
+)
+)+) +)

+)
+)+)
+)
+)+)/)

/)/)
/)/)/)

PMOS% NMOS%

p-bulkn-bulk

further	accumula,on inversion	if	posi,ve	charge	dominates

NO leakage leakage

black = “oxide trapped charge”
red = charge in “interface states”

Example
aeer	R.Lacoe,	“CMOS	scaling,	
design	principles	and	hardening-by-
design	methodology”,	Short	Course	
at	the	2003	NSREC,	Monterey



n+

poly

n+

p
STI STI

n+

poly

n+ p+

poly

p+

n-well

n+

poly

n+

p

STI STI
n+

poly

n+ p+

poly

p+

n-well+ + +
+ + +

+ + +
+ + +

leakage path leakage path

Posi-ve	charge	trapped	in	the	STI	oxide	can	also	open	leakage	current	paths	
between	n+	diffusions	at	different	poten-al.	
Again,	this	might	be	mi,gated	(or	suppressed)	by	nega,ve	charge	in	interface	traps.

- Before	irradia-on:	perfect	isola-on

- A`er	TID	accumula-on:	leakage	paths	between	adjacent	transistors	and	wells



Radia-on-induced	defects	can	“anneal”		
This	is	par,cularly	relevant	for	oxide	trapped	charge	(that	induces	leakage	in	NMOS)	
The	evolu,on	in	,me	depends	on	the	energy	of	the	trap	and	on	the	temperature
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Fig. 14. Alternate positive and negative bias annealing for capacitor exposed to 4- s Linac pulse.

Fig. 15. Model of hole trapping, permanent annealing, and compensation processes.

under certain conditions [84], [85]. In addition, Fleetwood et al.
have recently extended this model to argue that it also accounts
for noise results, which they reported [86].
We note that, in recent years, there has been much discussion

of the role of border traps, oxide traps that exchange charge with
the Si substrate. The proposal to call these traps border traps
was made by Fleetwood [87] in 1992. At that time, the dipole
model by Lelis et al. had been in the literature for four years and
was already well known. Now, more than ten additional years
have passed, and the defect described by Lelis et al. is still the
only confirmed border trap, at least in the Si/SiO system. Other
border trap structures have occasionally been proposed [88], but
they have not done well in experimental tests [82], [83].

E. Radiation-Induced Interface Traps
Radiation-induced interface states have been identified with

the so-called resonance in ESR studies, by Lenahan and
Dressendorfer [89]. This center is a trivalent Si atom, back

Fig. 16. density during alternate positive and negative bias annealing.

bonded to three other Si atoms, with a dangling bond extending
into the oxide. This defect is amphoteric, negatively charged
above mid-gap, neutral near mid-gap, and positively charged
below mid-gap. Lenahan and Dressendorfer showed a very
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Figure 4.24.  Drain current versus gate voltage as a function of total dose for a 
0.25-µm minimum geometry NMOS transistor fabricated at TSMC biased for 
worst case (After [Laco-00]). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 4.25.  Drain current versus gate voltage as a function of total dose for a 
0.18-µm minimum geometry NMOS transistor fabricated at TSMC biased for 
worst case.  Insert is graph of ID(0 V) versus dose (After [Laco-01]). 
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vices respectively. After annealing three out of four 
technologies are well within acceptable limits. 
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Figure 1 Vth shift for normal NMOS devices 

One may notice also the non-trivial difference between 
the two 0.5 µm technologies, indicating probably some 
difference in the fabrication step used for gate oxides. 

-0.500

-0.400

-0.300

-0.200

-0.100

0.000

0.100

0 500 1000 1500 2000 2500 3000
Dose (krad(SiO2))

Vt
h 

(V
)

Tech B 0.50µm Tech A 0.50µm 0.35µm 0.25µm  
Figure 2 Vth shift for normal PMOS transistors 

4.2 LEAKAGE CURRENT 
Figure 3 confirms that conventional NMOS devices are 
prone to leakage current degradation. It can be seen that 
in this case the deeper submicron STI technology shows 
a leakage saturating at about two orders of magnitude 
less. In addition, the onset of the leakage current for the 
0.25 µm technology is at about 200 krad, compared to 
less than 50 krad for the others. 
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Figure 3 Leakage current for normal devices. The hori-
zontal dose scale is logarithmic, to show clearly the 
differences between technologies at low dose. The 
measurement were taken with VDS=VDD. 

The effect of the annealing (the dropping dashed lines) 
can also be seen from this figure.  
The superior behavior of the quarter micron technology 
is immediately evident (ΔVth < 10 mV). This is further 
illustrated by the following measurements. 

4.3 FURTHER RESULTS ON 0.25 MICRON DEVICES 
The normal IDS vs. VDS curves for the 0.25 µm technol-
ogy are shown in Figure 4 for pre-irradiation, post-
irradiation and post-annealing conditions. As it can be 
seen, the technology suffers no visible degradation.  
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Figure 4 Saturation curves for a regular 10/0.425 µm 
NMOS device of technology D 

Figure 5 shows the transconductance behavior of a nor-
mal NMOS device as a function of the gate biasing 
voltage. Again no significant degradation is visible from 
these data. 
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Figure 5 Transconductance of 10/0.425 NMOS regular 
device of Tech. D, VDS=50mV 

These results seem to indicate that the most advanced 
technology – without any special design rule – could 
safely be used in those LHC environments where the 
level of radiation is moderate (such as the muon cham-
bers or the electronics in the cavern – where the latest 

Measurements	
a`er	annealing	for	
1	week	@	100oC



Temperature	effects

Dose	Rate	effects

- Hole	trapping	maximised	at	low	T	
- Interface-trap	buildup	accelerated	at	

higher	temperatures	(annealing	however	
above	80-125oC)

- Hole	trapping	dominates	at	high	rates	and	
short	,mes	

- Interface-trap	charge	more	significant	at	low	
rates	and	long	,mes

Leakage	current:	the	net	result	during	a	test	or	in	the	applica-on	depends	
on	temperature	and	dose	rate	!
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Fig. 1. Schematic of n-channel MOSFET illustrating radiation-induced charging of the gate oxide: (a) normal operation and (b) post-irradiation.

Fig. 2. Schematic energy band diagram for MOS structure, indicating major
physical processes underlying radiation response.

a remnant negative voltage shift, which can persist for hours or
even for years. But even these stable trapped holes undergo a
gradual annealing, which is illustrated in Fig. 3.
The fourth major component of MOS radiation response

is the radiation-induced buildup of interface traps right at the
Si/SiO interface. These traps are localized states with energy
levels in the Si band-gap. Their occupancy is determined by
the Fermi level (or by the applied voltage), giving rise to a
voltage-dependent threshold shift. Interface traps are highly
dependent on oxide processing and other variables (applied
field and temperature).
Fig. 3 is schematic in that it does not show real data, but

it reasonably represents the main features of the radiation re-
sponse of a hardened n-channel MOS transistor. The range of
data, from 10 s to 10 s, is enormous, as it has to be to in-
clude qualitatively the four main processes we have discussed.
For the oxide illustrated in Fig. 3, a relatively small fraction of
the holes reaching the interface are trapped, which is why we
say it is realistic for a hardened oxide. Many oxides would trap
more charge than is shown here. In addition, the final threshold
shift, including interface traps, is positive (the so-called rebound
or superrecovery effect) here because the number of negatively
charged interface traps finally exceeds the number of trapped
holes. Not all oxides really have this behavior, but it is one of
the results which can be considered “typical.”

Fig. 3. Schematic time-dependent post-irradiation threshold voltage recovery
of n-channel MOSFET, relating major features of the response to underlying
physical processes.

III. DESCRIPTION OF BASIC PHYSICAL PROCESSES
UNDERLYING THE RADIATION RESPONSE OF MOS DEVICES

Next, we consider these basic physical mechanisms in more
detail and provide critical references. But for a complete review,
the readers should consult the references.

A. Electron-Hole Pair Generation Energy
The electron/hole pair creation energy was determined to

be 18 3 eV byAusman andMcLean [4], based on experimental
data obtained by Curtis et al. [5]. This result has been confirmed
independently by others [6], [7], including a more accurate set
of measurements and analysis by Benedetto and Boesch, Jr. [8],
which established eV. From this value of , one
can calculate the charge pair volume density per rad,

pairs cm -rad. But this initial density is quickly reduced
by the initial recombination process, which we discuss next.

B. Initial Hole Yield
The electrons are swept out of the oxide very rapidly, in a

time on the order of a picosecond, but in that time some frac-
tion of them recombine with the holes. The fraction of holes es-
caping recombination, , is determined mainly by two

STI
STI

STI

TID	levels	in	HL-LHC	experiments	are	VERY	large!

TID	effects	are	due	to	ionisa,on	in	SiO2

and	in	advanced	CMOS	to	ionisa,on	in	parasi,c	
oxides	(STI)	rather	than	in	the	gate	oxide
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Figure 4.24.  Drain current versus gate voltage as a function of total dose for a 
0.25-µm minimum geometry NMOS transistor fabricated at TSMC biased for 
worst case (After [Laco-00]). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 4.25.  Drain current versus gate voltage as a function of total dose for a 
0.18-µm minimum geometry NMOS transistor fabricated at TSMC biased for 
worst case.  Insert is graph of ID(0 V) versus dose (After [Laco-01]). 
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Accumula,on	of	radia,on-induced	charge	in	the	STI	oxide	
might	induce	leakage	currents	in	NMOS	transistors	or	
between	n+	diffusions

The	evolu,on	of	the	leakage	depends	on	dose	rate	
and	temperature	(and	is	technology	specific)
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3 Displacement damage production 
 
3.1 Inelastic collision with atomic electrons 
When a charged particle passes through matter it is first slowed down by inelastic collisions with 

bound atomic electrons. During such interaction, electrons could either transit to a bound excited state or 
to an unbound state (ionization).  

Subsequently, when the energy of the incident particle is low enough, it has more time to interact with 
the target atomic nuclei and could transmit part of its energy to them. This energy could be exchanged 
through elastic or inelastic scattering.  

 
3.2 Coulomb elastic scattering 
Coulomb elastic scattering occurs when charged particles such as protons or electrons react, through 

Rutherford scattering, with the positive charge of the nuclei screened by the electron cloud. It is worth 
mentioning that neutrons having no electric charge, they do not experience this kind of scattering 
mechanism. 

If the energy transferred during the reaction T  is larger than the displacement threshold energy dT , 

the primary knock-on atom (PKA) could be dislodged from its lattice position producing a primary defect 
called vacancy-interstitial pair or Frenkel pair.  
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Figure 3: Illustration of the creation of interstitials and vacancies during a proton irradiation. 
 

In silicon, the most commonly used threshold energy is 21 eV but values between 13 to 25 eV may be 
found. This dispersion is due to the fact that this parameter is difficult to evaluate either theoretically or 
experimentally because its value varies with the direction of recoil. Depending on the material, actual 
values range from a few electron-volts to tens of electron-volts. As shown in Figure 4 there is an empirical 
relationship between dT  and the lattice parameter of the target. 
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Devices	that	are	affected		by	displacement	damage	in	CMOS	technologies:	
- photodiodes	in	Ac-ve	Pixel	Sensors	
- diodes	or	BJTs	used	for	voltage	reference	generator	circuits	
- LDMOS	(Lateral	Diffusion)	or	Ver-cal	MOS	for	high-voltage	applica-ons

Recent	addi,onal	observa,ons	(whose	generality	has	to	be	confirmed):	
- leakage	current	between	n-wells	in	the	substrate	
- non-applicability	of	the	NIEL	scaling	for	DD
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Single	Event	Effects	are	due	to	the	instantaneous	and	local	deposi-on	
of	ionising	energy	from	a	single	par-cle

Single	Event	Upset	(SEU)

Single	Event	Latch-up	(SEL)
Single	Event	Transient	(SET)

If	the	deposited	charge	is	sufficient,	
in	CMOS:

BUT	the	dE/dx	should	be	sufficiently	large	for	the	
deposi,on	of	charge	exceeding	a	“threshold”.	
Typically	for	CMOS	the	threshold	is	above	the	dE/dx	
of	protons



10011001

10010001

Single	Event	Upset	(SEU):	corrup-on	of	one	bit	in	a	register	or	memory	cell

Possible	consequences



Single	Event	Transient	(SET):	current/voltage	pulse	that	can	propagate	in	the	circuit
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Figure 16. View of complete LSP2916 device with vaporized bond wires . 
See detail of boxed region in Figure 17. 

 

Figure 17. LSP2916 DUT 2 detail view of VLP and ground wires.  Note the 
deposition of the gold bond wires on the exposed die (in the center of the 

picture) as well as damage to the metal trace. 

5) APS Photobit 
The Photobit active pixel sensor (APS) was tested for SET 

at TAMU. Measurements were made using Ar-40 at 15.0 
MeV/amu, Kr-84 at 15.3 MeV/amu, and Xe-131 at 15.2 
MeV/amu. The heavy ion single event transient response of 
Photobit APS subarrays was very dependent on the specific 
pixel design. No latchup was observed up to an LET of 106 
MeV/mg/cm2 (Xe at 60o) for a fluence >2x107/cm2 [8]. 

 
6) Test Sample 5HP SiGe Prescaler 

This IBM SiGe Heterojunction Bipolar Transistor (HBT) 
BiCMOS technologies, 5HP series was tested at UCD/CNL 
(Protons) and TAMU (Heavy Ions). Bit upsets were seen 
with 63MeV protons. For more information see "Single 
Event Upset Test Results on an IBM Prescaler Fabricated in 
IBM's 5HP Germanium Doped Silicon Process," [9]. 
 

7) PE9301 
The Peregrine divide-by-2 prescaler fabricated in Ultra 

Thin Silicon (UTSi) 0.5um Silicon On Sapphire (SOS) 
process was tested at UCD/CNL (Protons) and TAMU 
(Heavy Ions). Bit upsets were see for 63MeV protons. For 
more information see "Effects of Proton Beam Angle-of-
Incidence on Single-Event Upset Cross-Section 
Measurements," [10]. 
 
8) MTX8501 and MRX8501 

The Emcore MTX8501 Fiber Optic Transmitter and 
MRX8501 Fiber Optic Receiver were proton tested at UCD 
using 63 MeV protons. The MTX8501 and MTR8501 are 12 
channel, high-speed (1.25 Gbps/channel) optical transmitters 
and receivers, respectively. The transmitter is a 1x12 oxide-
confined VCSEL array that emits light with a wavelength of 
850 nm. The receiver consists of an array of 12 fast 
photodiodes (of unknown technology). 

Both the transmitter and receiver were mounted on 
individual evaluation boards that minimize stray capacitances 
and allow for maximum frequency operation.  

The electrical input signal was supplied by a BERT. An 
attenuator was inserted in the optical path to reduce the light 
intensity in order to measure the optical power budget. For 
proton testing, only one of the 15 channels was used. Each 
run involved a different set of experimental parameters, 
including angle, attenuation and transmission rate. Two 
different receivers (photodiodes) and one transmitter were 
tested. The BER showed an order of magnitude increase 
when the proton beam was close to grazing incidence. Figure 
18 shows the BER as a function of angle. 
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Figure 18. Bit error rate as a function of angle of incidence for a data rate of 

1.25 GHz, showing the significant increase at 90 degrees. 

The BER was found also to depend on the attenuation 
setting and the data transmission rate. This suggests that 
SETs in the detectors can be produced via direct ionization 
by 63 MeV protons traveling over the long path lengths in 
the lateral direction of the photodiode. This has previously 
been observed [32]. No SEEs were observed when the 
transmitter was irradiated. For more details refer to the full 
test report [33]. 
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Figure 18. Bit error rate as a function of angle of incidence for a data rate of 

1.25 GHz, showing the significant increase at 90 degrees. 

The BER was found also to depend on the attenuation 
setting and the data transmission rate. This suggests that 
SETs in the detectors can be produced via direct ionization 
by 63 MeV protons traveling over the long path lengths in 
the lateral direction of the photodiode. This has previously 
been observed [32]. No SEEs were observed when the 
transmitter was irradiated. For more details refer to the full 
test report [33]. 
 

Single	Event	Latchup	(SEL)	of	a	high	voltage	driver	
for	MEMS	(vaporized	bond	wires)

Latch-up	might	lead	to	permanent	device	damage
Single	Event	Latch-up	(SEL):	turn-on	of	a	parasi-c	thyristor	structure



ionisa-on
(e-h	pairs)

Summary

charged particle
or photon

neutral atom 
or molecule

charged atom 
or molecule

electron-hole pair

interaction with 
an electron
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3 Displacement damage production 
 
3.1 Inelastic collision with atomic electrons 
When a charged particle passes through matter it is first slowed down by inelastic collisions with 

bound atomic electrons. During such interaction, electrons could either transit to a bound excited state or 
to an unbound state (ionization).  

Subsequently, when the energy of the incident particle is low enough, it has more time to interact with 
the target atomic nuclei and could transmit part of its energy to them. This energy could be exchanged 
through elastic or inelastic scattering.  

 
3.2 Coulomb elastic scattering 
Coulomb elastic scattering occurs when charged particles such as protons or electrons react, through 

Rutherford scattering, with the positive charge of the nuclei screened by the electron cloud. It is worth 
mentioning that neutrons having no electric charge, they do not experience this kind of scattering 
mechanism. 

If the energy transferred during the reaction T  is larger than the displacement threshold energy dT , 

the primary knock-on atom (PKA) could be dislodged from its lattice position producing a primary defect 
called vacancy-interstitial pair or Frenkel pair.  

 
 

 
(a) 
 
 

 
 

(b) 
 

Figure 3: Illustration of the creation of interstitials and vacancies during a proton irradiation. 
 

In silicon, the most commonly used threshold energy is 21 eV but values between 13 to 25 eV may be 
found. This dispersion is due to the fact that this parameter is difficult to evaluate either theoretically or 
experimentally because its value varies with the direction of recoil. Depending on the material, actual 
values range from a few electron-volts to tens of electron-volts. As shown in Figure 4 there is an empirical 
relationship between dT  and the lattice parameter of the target. 
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� An'error'in'the'voter'instead'
corrupts'the'state!

� Not'SET'free.
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Upset,	Transient	
(SEU,	SET)

Latch-up	(SEL)

• Technology	dependent	
• Reduce	distance	between	
substrate	contacts	

• Insert	guard-rings
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• For	SET,	add	filtering

TMR
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Radia-on-hard	ASICs	for	the	development	of	LHC	electronics		
(ca.	1990-2000)
- Dedicated	Rad-Hard	processes	quickly	ruled	out	(only	DMILL	used	in	LHC	experiments)
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Radiation hardened transistor characteristics for applications 
at LHC and beyond 
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Abstract 

The high-radiation environment at the LHC will require the use of radiation-hardened microelectronics for the read out 
of inner detectors. Two such technologies are a Harris bulk CMOS process and the DMILL mixed-technology process. 
Transistors have been fabricated in both of these and have been tested before and after irradiation to 10 Mrads, the total dose 
expected in the innermost silicon microstrip layers. Several processing runs of Harris transistors have been carried out and 
samples from one have also been irradiated to 100 Mrads. A preamplifier-shaper circuit, to be used for read out of the CMS 
microstrip tracker, has been tested and the noise performance is compared with individual transistors. 

PACS: 61.80E; 61.82F; 85.404 
Kepvrds: Radiation-hardness; Transistors; LHC 

1. Introduction 

Future high-energy physics experiments at the 
CERN Large Hadron Collider will operate at far 
higher energies and luminosities than at present. 
These challenging conditions necessarily lead to 
high-particle fluences in the detectors. Simulations 
show that in the inner tracking regions (-20cm 
from the beam pipe) these particles will generate 
approximately 10 Mrads of ionizing radiation dose 
and 10’” neutrons/cm2 over the 10 yr lifetime of 
the experiment [ 1,2]. Normal CMOS microelectron- 
ics processes do not tolerate doses of more than 
a few krads, and radiation-hardened technologies, 

* Corresponding author. Tel.: +44 171 594 7796; fax: $44 171 
823 8830; e-mail: m.millmore@ic.ac.uk. 

hitherto unused for high-energy physics applica- 
tions, are required to construct many of the critical 
front-end read-out circuits to instrument particle 
detectors. 

One of the few radiation-hardened microelectronics 
processes available for ASIC construction via foundry 
access is the Harris [3] AVLSIRA 1.2 pm bulk CMOS 
process. It is a digital CMOS process adapted for ana- 
logue use by the addition of metal-dielectric layers 
to provide accurate capacitors. PMOS and NMOS 
transistors of various dimensions, laid out in the low- 
noise finger structure [4] appropriate for the input 
device of a front-end amplifier for silicon microstrips 
or microstrip gas chambers (MSGCs), have been 
constructed in four separate processing runs. The 
first three runs were carried out at Harris’s Research 
Triangle Park (RTP) plant in North Carolina and the 
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Performance of Honeywell RICMOS-IV SOI Transistors 
After Irradiation to 27 Mrad(Si) by 63.3 MeV Protons * 
D.E. Pellett 1 and S.T. Liu 2 
1Physics Depar tment ,  UC Davis, Davis, CA 95616 
2Honeywell Solid State Electronics Center, Minneapolis, Minnesota 55441 

We present results of an exposure of Honeywell RICMOS-IV SOl transistors produced in a developmental run 
to 2 × 1014 63.3 MeV protons at the UCD cyclotron radiation test beam (27 Mrad (Si)). In terms of surface 
damage, this corresponds to almost twice the dose expected for the CMS pixel detector during its useful life at 
the LHC collider. The irradiated transistors include n-channel MOSFETs similar to the front-end transistors of a 
pixel readout suitable for use at hadron colliders. Data are presented for MOSFETs on radiation-induced changes 
in thresholds, transconductance, maximum voltage gain and noise. Circuit simulations using the measured noise 
data indicate that the pixel readout would continue to function satisfactorily in the CMS radiation environment. 

1. I n t r o d u c t i o n  

The next generation of vertex detectors at col- 
liders such as the Large Ha@on Collider (LHC) at 
CERN wilt be subject to extreme radiation doses 
from high energy charged hadrons. For example, 
the inner part  of the CMS pixel vertex detector, 
on which we are collaborating, is expected to be 
penetrated by of order 6 × 1014 such particles dur- 
ing its useful life [1], [2]. It is important  to un- 
derstand the limits of performance of the readout 
electronics under such conditions. 

We have designed a pixel readout front end cir- 
cuit suitable for LHC applications [3]. A can- 
didate technology for fabricating the readout is 
the Honeywell 's SOI RICMOS-IV process [4], [5]. 
This has been used successfully for radiation-hard 
digital circuitry, but its applicability for our ana- 
log use needs to be investigated since analog ap- 
plications are more sensitive to noise and changes 
in device characteristics due to irradiation. 

The pixel front end uses two separate discrimi- 
nators for t iming and charge measurements.  Both 
must fire in coincidence to record a pixel hit. The 
input transistor for the charge-sensitive preampli- 
fier is expected to be the component  most sensi- 
tive to damage.  In our design, this is an NMOS 
device with w = 8.4 p m  and l = 0.8 # m .  For 

*Part ia l ly  s u p p o r t e d  by US DOE cont rac t  DE-FG-03-  
91ER40674 

radiation tests, we have used Honeywell process 
monitor  bars which include NMOS and PMOS 
transistors close to the size of the front-end tran- 
sistor (w = 10 p m  and 1 = 0.8 pro). 

The devices were produced in a developmental  
run designed to yield PMOS transistors hard to a 
dose of 50 Mrad. They have a gate oxide thickness 
of 15 nm,  a buried oxide thickness of 370 n m  and 
an effective gate length of 0.65 pro. 

We measured the I -  V characteristics and 
threshold shifts of these devices as a function 
of fluence during irradiation. Noise spectra in 
the range from 30 KHz to 2 MHz were mea- 
sured for unirradiated devices and devices irra- 
diated to 27 Mrad. For the NMOS transistor, de- 
vice characteristics were monitored during room- 
temperature  annealing. 

2. M e a s u r e m e n t  Techniques 

2.1. Irradiation and Testing 
The devices were irradiated in the proton radia- 

tion test beam at the UC Davis cyclotron [6]. The 
beam energy was 63.3 MeV. The fluence was mon- 
itored to 10% accuracy using a secondary emis- 
sion monitor calibrated using a Faraday cup. The 
beam profile was approximately uniform over a 
7 cm diameter, much larger than the devices un- 
der test. The dose rate was 2.3 Krad (Si)/s. Irra- 
diation was done under bias (VDs = VGs = 1 V 
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the technology in the best suitable way for LHC rad-hard electronics. OCR Output
between the high energy physics community and our Consortium in order to allow us to orientate

The aim of this proposal is to describe this technology, and to ask DRDC to be the interface

immunity to upset).
technology with a high level of radiation hardness (neutron fluence, cumulated gamma dose,

Present results, together with the improvements under way, will lead to a mixed analog/digital
hard, low noise front end electronics to be designed.
high hardness behaviour and low noise performances even at low temperature, will enable very rad
will be useful to design analog and digital high—speed architectures. JFETs, which have intrinsically
multimegarad hardeness. The CMOS and bipolar transistors constitute a rad-hard BiCMOS which
an epitaxial silicon film. It includes CMOS, JFETs and venical bipolar transistors with a potential

This technology, currently under development at the LETI (CEA), uses a SIMOX substrate with
particularly adapted to the needs of HEP electronics.
to push for the development and the industrialization of a nascent technology which looks
Spatiaux) and IN2P3 (National Institute for Nuclear Physics and Particle Physics) has been created
(Commissariat a l'Energie Atomique), Thomson TMS (Thomson Composants Militaires et
and neutrons) will require radiation hardened electronics. A Consortium between the CEA

The high radiation level expected in the inner regions of the high luminosity LHC detectors (7
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Study of device parameters for analog IC design in a 1.2~772 
CMOS-SO1 technology after 10 Mrad. * 
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Abstract 

Radiation hardened SOI-CMOS is a possible candidate 
technology for mixed analog-digital signal processing elec- 
tronics in experiments a t  the future high luminosity hadron 
colliders. In view of this application, we have studied the 
analog parameters of transistors realized in the Thomson 
TMS HSOI3-HD technology before and after exposure to 
total doses similar to those expected in the CERN Large 
Hadron Collider LHC. The devices have been irradiated 
up to 10 Mrad with 6oCo and 3 .  l O I 4  neutrons/cm2. The 
changes in the threshold voltage V t h  of front and back 
gates, leakage current and transconductance are studied. 
Subthreshold slope and charge pumping techniques have 
been used to estimate the interface state formation. Noise 
measurements in the 0.lkHz-3MHz bandwidth have been 
performed. The noise is comparable to that of a bulk 
CMOS process. Post irradiation effects have been regularly 
monitored and threshold voltage rebound for n-channel 
transistors is observed. 

I. INTRODUCTION 

Particle physics experiments at future high luminosity col- 
liders (LHC in Europe, SSC in the USA) will need ra- 
diation hardened microelectronic circuits. Sophisticated 
mixed analog-digital integrated circuits are foreseen close 
to the vertex and tracking detectors in the inner region 
of the experiment, along the beam pipe and in the sur- 
rounding calorimeters. In this way they will be exposed to 
ionizing radiation and neutrons. For LHC the total dose 
requirements are 10 Mrad of ionizing radiation and 2 .  1014 
neutrons/cm2 over a period of 5 to 10 years of operation. 

Considerable expertise in radiation hardening has been 
accumulated over more than 30 years in space research 
laboratories [l], and is now becoming available to a cer- 
tain extent also to the particle physics community. Nev- 
ertheless, relatively little effort has been devot.ed so far to 

*This work is supported by DGA-DME 
tSupported by Associazione per lo sviluppo scientific0 e tecno- 

logic0 del Piemonte (ASP) 

assessing radiation hard CMOS processes for analog appli- 
cations, and in particular to understanding the impact of 
parameter changes during and after irradiation on the per- 
formance of complex mixed analog-digital ICs. The design 
of such ICs depends on the ability to accurately predict and 
simulate circuit performance from a thorough knowledge 
of the variation of device parameters. 

The purpose of this paper is to study the analog be- 
haviour and noise characteristics of the recent 1.2 p m  sil- 
icon on insulator HSOI3-HD radiation hard technology 
which uses a SIMOX substrate. This process has been 
initially designed by CEA-DAM in BruyBres-le-Chitel and 
CEA-IRDI-LET1 in Grenoble [2,3] and is now industrially 
developed by Thomson Composants Militaires et Spati- 
aux (TMS). The HD version (from the French “Hautement 
Durci”) is optimised for high total dose radiation hardness 
compatible with the utilization of devices in the inner re- 
gion of an LHC experiment. 

This study should permit, through the extraction of sim- 
ulation parameters, the systematic design of analog cir- 
cuits. In addition, charge pumping measurements have 
been performed to evaluate the density of interface states 
before and after irradiation and during annealing. Inter- 
face state formation is a dominant mechanism in the evolu- 
tion of the parameters, and is responsible for the rebound 
effect of the n-channel, and transconductance and noise 
degradation as well. 

We have not studied possible dose rate effects in this 
work. 

11. SAMPLE DESCRIPTION AND 
EXPERIMENTAL TECHNIQUES 

The experimental devices are polycide gate pchannel and 
n-channel SO1 MOSFETs fabricated at Thomson TMS in 
Grenoble using conventional LOCOS technique to achieve 
the lateral isolation. A LDD (lightly doped drain) struc- 
ture is used to lessen impact ionization due to  high elec- 
trical fields. The SIMOX substrate has been realized by 
200 keV O+ ion implantation at 500 - 700OC. The anneal- 
ing temperature was 1300 - 1350°C. The final thickness of 
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DMILL 0.8um SOI technology

Thomson TCS 1.2um SOI technology

Honeywell 0.8um SOI technology

HARRIS 1.2um bulk technology



Irradiation:	- TID	@	CEA	Saclay,	Pagure	- Neutrons	@	CERN	PS-ACOL	(neutrons	from	antiproton	production	target,	3e14	over	2	months)

Measurements:	- Chips	packaged	in	DIL	- Individual	transistors	manually	connected	sequentially	- Data	saved	on	floppy	disks	- Curves	plotted	with	pencil	plotter	and	interpolated	manually	to	extract	the	parameters

Studying	radiation	tolerance	with	the	tools	of	the	90s



- With	gate	oxides	gegng	thinner	than	5-6nm,	they	became	naturally	“radia,on	tolerant”	
to	very	high	doses

N.S.	Saks	et	al.,	IEEE	TNS,	Dec.	1984	and	Dec.	1986

Oxide trapped charge Interface states

Radia-on-hard	ASICs	for	the	development	of	LHC	electronics		
(ca.	1990-2000)



- With	gate	oxides	gegng	thinner	than	5-6nm,	they	became	naturally	“radia,on	tolerant”	
to	very	high	doses	
- parasi,c	oxides	(mainly	STI)	are	the	main	limit	to	the	radia,on	tolerance	
- with	the	systema,c	adop,on	of	Hardness-By-Design	(HBD)	techniques,	it	is	possible	to	

avoid	STI-related	damage

Enclosed	Layout	Transistors	(ELT)

Radia-on-hard	ASICs	for	the	development	of	LHC	electronics		
(ca.	1990-2000)

S D

G
Leakage path

SD

G

Thin	gate	oxide	+	HBD	techniques	=	Radia-on	tolerance

guardring

SD

G

Guard-rings

&



0.25 µm technology - W/L = 30/0.4 - ELT  

ELT	transistors	in	0.25um	technology:		
no	relevant	TID	effects	up	to	10Mrad

Id=f(Vg) pre- and post- 13Mrad



Enclosed	Layout	Transistors	(ELT)	+	Guard-rings

Most	of	the	ASICs	used	today	in	LHC	experiments	
are	designed	using	these	techniques	in	a	250nm	
CMOS	process

Radia-on-hard	ASICs	for	the	development	of	LHC	electronics		
(ca.	1990-2000)

This	required	the	development	of	a	dedicated	“library”	
of	cells	with	ELT	transistors



(1999-2005)

The	CERN	“Foundry	Service”
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Radia-on	hard	
processes

Hardness	By	Design	(HBD)		
in	commercial-grade	processes

ca.	1998-2000

Production for LHC: 
0.25um CMOS

TID up to 10Mrad

,me

TID

Main	transistor	
Vth,	gm,	…	
Leakage	in	parasi-cs

Leakage	in	parasi-cs
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Technology	node

Gate	tox

250nm 180nm 130nm 90nm 65nm

Technology	node

TID	tolerance

250nm 180nm 130nm 90nm 65nm

Is	this	extrapola-on	correct?

TID	damage

Gate	tox
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2003-2005:	study	of	130nm	node	in	view	of	applica-on	in	LHC	upgrades	
Samples	from	3	different	vendors	were	irradiated	and	measured

The	gate	oxide	in	the	three	130nm	technologies	studied	appeared	to	be	compa,ble	with	
applica,ons	in	environments	with	mul,-100Mrad	TID	levels

However,	the	leakage	paths	
	are	technology	dependent	
(here	shown	for	source-drain	leakage	currents	in	NMOS)
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The	selec-on	of	the	manufacturer	(Tech.	A)	was	based	on	a	number	of	criteria:	
long-term	availability,	cost,	radia-on	tolerance,	support	offering,	…	
A	large	effort	was	dedicated	to	the	characterisa,on	of	the	selected	technology

p
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thermal	energy
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irradia,on
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-

thermal	energy

The	leakage	current	is	the	sum	of	different	mechanisms	involving:	
• the	crea,on/trapping	of	charge	(by	radia,on)		
• its	passiva,on/de-trapping	(by	thermal	excita,on)		
These	phenomena	are	Dose	Rate	and	Temperature	dependent!
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No	digital	library	with	ELTs	and	
guardrings	was	developed.		
The	standard	cells	library	from		
a	commercial	supplier	was	
considered	usable	
Designers	have	to	evaluate	if	the	leakage	could	
threaten	the	circuit/system	func,onality	in	the	
applica,on

Is	there	s-ll	the	need		
for	ELTs	and	guard	rings?

Flexibility	&	op-misa-on		
of	performance	
			BUT	
It	requires	system-specific		
risk	assessment



FACCIO AND CERVELLI: RADIATION-INDUCED EDGE EFFECTS IN DEEP SUBMICRON CMOS TRANSISTORS 2415

Fig. 2. curve in logarithmic (left) and linear (right) scale for a 10/10
NMOS transistor before and after 3 Mrd , showing the

radiation-induced leakage current between source and drain.

Fig. 3. Evolution of the leakage current with TID for different NMOS
transistor size, up to 136 Mrd. The last point refers to full annealing at 100 .
The first point to the left is the pre-rad value.

few A. Even more interestingly, all curves reach a peak for
a TID of about 1-6 Mrd, and then decrease when the irradiation
continues at the same dose rate up to 136 Mrd. A similar peak
is shown in Fig. 4 for the threshold voltage shift of transistors
of different size: has been extracted by linearly fitting the
square root of the vs curve in saturation
and finding the intersection of the line with . In this case,
the voltage shift is strongly dependent on the transistor width,
the transistors with W larger than about 1 showing only a
marginal effect.

The observations in Figs. 2–4 can be explained as follows.
Radiation-inducedpositivechargesarequickly trapped in theSTI
oxide at the transistor edge, and their accumulation eventually
builds up an electric field sufficient to open an inversion channel
through which source-drain leakage current flows [11]. This
can only be observed when the current in the parasitic lateral
transistor is larger than the current in the main transistor at the
same , which happens after some 200 krd (Fig. 3). While
the build-up of positive trapped charge is fast, the formation
of interface states is known to be a slower process [12]. In
NMOS transistors, the negative charge trapped in interface
states only starts to compete with the oxide-trapped charge
with some delay, giving origin to a well-known rebound effect.

Fig. 4. shift with TID for different NMOS transistor size, up to 136 Mrd.
The last point refers to full annealing at 100 .

In the case of the STI oxide in the studied technology, and
at the dose rate used for our test, this happens when the TID
reaches a value between 1 and 6 Mrd. From this point on, the
interface states contribute significantly to the charge balance at
the transistor edge, increasing the of the parasitic lateral
transistor and hence decreasing the leakage. We point out that
in this paper we call these trapping centers interface states
because of their properties of being amphoteric (we will see
later that they trap positive charge in PMOS transistors) and
with slow buildup. Nevertheless, we have not addressed their
detailed nature in our study.

For narrow channel transistors, the charge balance at the tran-
sistor edges not only determines the accumulation, depletion or
inversion condition of the parasitic lateral transistor, but also in-
fluences the electric field of the main transistor. This effect is
known in CMOS technologies as “narrow channel effect”, and
it is observable in any deep submicron process as a decrease
of with transistor width [13]. In the presence of positive
charges trapped in the lateral STI oxide, narrow channel ef-
fect should decrease the threshold of sufficiently narrow NMOS
transistors, whilst it should increase it (in absolute value) for
PMOS transistors. This is indeed what we observe in Fig. 4 for
NMOS and Fig. 5 for PMOS transistors: in both cases the effect
is as expected more pronounced for narrower transistors. In the
case of the PMOS the charges trapped in the interface states are
also positive and add to the effect of the oxide-trapped charge,;
thus rather than the “peaking” observed for NMOS in Fig. 4,
in Fig. 5 we observe an increase of the slope of the shift with
TID.

The different sensitivity to TID of transistors with different
gate width illustrated in Figs. 4 and 5 has not been reported be-
fore, and we refer to it as “Radiation-Induced Narrow Channel
Effect” (RINCE).

The increasing importance of interface states with accumu-
lated TID is further confirmed by the following test. We have
cyclically performed irradiation and annealing steps to NMOS
transistors, where annealing steps were at 100 for a few hours
(4–60 hours, but typically about 15). Initial irradiation steps of 1
Mrad were used, then increased to eventually reach a TID of 102
Mrd.Measurementswereperformedaftereachirradiationandan-
nealing step, and we defined the increase in the leakage
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Fig. 5. shift (absolute value) as a function of TID for PMOS transistors of
different size, up to 136 Mrd. The last point refers to full annealing at 100 . For
PMOS transistors, due to the absence of radiation-induced leakage currents,
was more easily extracted as the corresponding to a specific Ids indicated
by the foundry.

current due to each irradiation step. Fig. 6 depicts the deriva-
tive of the leakage current with respect to the incremental TID

versus TID for every irradiation cycle (or the
increase of the radiation-induced leakage normalized to 1 rd of
TID). The idea was to anneal a good fraction of the oxide-trapped
charge at the end of each cycle, then irradiate again and observe
the effect of the freshly trapped charge on the leakage. From
isochronal annealing measurements [14] that will be detailed in
Section III-A-2 we know that about 60% of the oxide-trapped
charge gets released in 15 hours at 100 , whilst 80% of it should
be de-trapped by a 60 hour annealing step at high temperature.
We would therefore expect each TID step to induce the trapping
of a comparable (within a factor of 2) amount of “fresh” charge,
hence the quantity depicted in Fig. 6 should not change consid-
erably with the accumulated TID. Instead, the dramatic decrease
observed—more than 2 orders of magnitude—points out that the
relative influence of freshly trapped charge on the leakage current
becomes negligible with TID. This is only possible if the negative
charge in the interface states largely dominate the charge balance
at the transistor edge. After the last cycle at 102 Mrd, we per-
formed an annealing for 2 hours at 280 (this is the maximum
temperature of our oven), with the chip unbiased. We then irra-
diated it with the usual procedure up to 1 Mrd (additional), and
measured it again. This time, as shown in the last two points in
Fig.6, therelativedegradationwaslargeagain, indicatingthat this
high temperature step healed the interface states, and the freshly
trapped oxide charge dominated the charge balance again.

2) Isochronal Annealing Results

Among the techniques used to study the characteristics of ra-
diation-induced charge trapping in MOS oxides, isochronal an-
nealing is one of the simplest to setup. The technique consists
of measuring the effect of sequentially emptying a fraction of
the traps through a succession of short annealing periods at in-
creasing temperatures [14]. The sample is cyclically heated to
reach a dwell temperature, kept in that condition for a dwell

Fig. 6. Increase of the leakage current per rd as a function
of TID for 2 sample NMOS transistors of different size.

time, then cooled down to room temperature to be measured.
The dwell temperature is increased at each subsequent step, typ-
ically by 20 . The difficulty of the experiment is often to en-
sure that the heating and cooling times are short compared to
the dwell time, so that the effects during heating and cooling
are minimal.

The thermal inertia of the temperature controlled chuck used
for our work is such that the heating and cooling times are far
too long for an isochronal annealing study. Therefore, we were
obliged to remove the silicon die containing the TID1 test struc-
ture from the wafer probe station for each thermal cycle, during
which is was consequently un-biased, and to bring it back for
the measurement at the end of the cycle. In agreement with pre-
vious work reported in the literature [15], we chose dwell times
of 360 s, and temperature steps of 20 . The sample was po-
sitioned on a pre-heated bulky metal plate inside an oven for
each annealing step. Given the thermal conductivity of silicon,
the tiny mass of the silicon die, and the large mass of the metal
plate, the sample was heated almost instantaneously to the dwell
temperature. At the end of the dwell time, the sample was ex-
tracted from the oven and positioned for 120 s on top of a bulky
metal plate pre-cooled to , ensuring a quick cooling. It
was then measured at our probe station, where the thermally
controlled chuck imposed a temperature of 25 .

The sample was irradiated at 458 rd/s up to 1 Mrd, a TID level
chosen to maximize the radiation effects induced by the charge
trapped in the oxide. The dwell temperature was increased in
steps from 40 to 240 , and the parameter chosen for the esti-
mate of the un-annealed fraction of the trapped charge was the
leakage current. From the un-annealed fraction, we could ex-
tract the energy levels of the traps. With this information, and
with simple mathematics based on Arrhenius’ law, it is possible
to estimate the evolution of the trapped charge in any dose rate
environment, and at any annealing temperature.

To verify the capability of this method to lead to reliable fore-
casts, we compared the measured evolution of a sample irradi-
ated to 1 Mrd with the forecast obtained using the results of
the isochronal study. The annealing for the comparison was at
100 for 15 hours. As shown in Fig. 7 for the leakage current,

RINCE	(Radia-on	Induced	Narrow	Channel	Effect):	another	radia-on	effect	
discovered	in	130nm	technology	
This	effect	has	then	been	observed	in	all	studied	technologies	in	the	350-28nm	range

NMOS PMOS

The	degrada-on	of	the	main	transistor	is	W-dependent!



Wide	channel	transistor Narrow	channel	transistor

Conceptual	representa-on	of	the	RINCE	
This	effects	is	also	traceable	to	charge	trapping	in	a	“parasi,c”	oxide	(STI)
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in	commercial-grade	processes
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Production for LHC: 
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TID up to 10Mrad TID: 100Mrad
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Manufacturing	site	1

Manufacturing	site	2

Manufacturing	site	3

Concerns	about	long-term	availability	of	the	130nm	from	“Supplier	A”	drove	the	selec,on	
of	a	backup	supplier,	that	gradually	has	become	the	main	supplier	since.	
The	leakage	current	evolu-on	in	NMOS	transistors	strongly	varies	between	
hardware	fabricated	in	different	manufacturing	sites	(Fabs).

• Require production in Manufacturing sites 1 and 2 (is it possible?)

• Verify the radiation response of every production run!



The	radia-on	response	of	test	transistors	included	in	every	manufacturing	run	highlights	
a	relevant	lot-to-lot	variability	at	high	TID,	for	PMOS	transistors.

Manufacturing	site	1

Manufacturing	site	2

Manufacturing	site	3

• Take design margins to account for this variability in degradation

• Verify the radiation response of every production run!



were either very large (W = 20 μm) or Enclosed Layout Tran-
sistors (ELTs, where the central diffusion is completely sur-
rounded by the poly-crystalline Si gate [11]). Results of these 
different transistors were very comparable, confirming that 
RINCE becomes negligible for very wide transistors (above 
about 4 μm in our experience). Groups of identical transistors 
with separate terminals were used to study the influence of the 
bias on the radiation effects. Large ELT transistors (W = 
10 μm) with different L and without ESD protection were used 
for charge pumping and noise measurements, performed in a 
restricted set of conditions (bias, temperature, transistor type). 
Comparison of the results with those obtained for the complete 
study of the arrays, where terminals were ESD protected, con-
firmed that ESD structures did not influence the results. We 
focused our study on standard-Vth devices; however, results on 
low- and high-Vth transistor arrays, not reported in this paper, 
yielded comparable results. 

B. Radiation sources and exposure conditions 
The CERN X-ray irradiation system (Seifert RP149) was 

used for most of the current/voltage measurements and for the 
charge pumping study. This system uses a 3 kW tube with a 
tungsten target and a 150 μm Al filter to generate ~ 10-keV X-
rays, a typical configuration for radiation-effects studies on 
semiconductor devices [12]. Bare Si chips were kept under 
bias and measured with the help of a wafer prober inside the 
irradiation cabinet. A thermal chuck controlled the tempera-
ture of the samples between –30 and 100 °C. DC bias was 
applied during irradiation and post-exposure annealing, most 
often in a “diode” bias configuration where |Vgs| = |Vds| = 
1.2 V, which was observed to generally produce the largest 
degradation [1]. Unirradiated control devices (data not shown) 
show less than 2% bias-temperature instability for the bias, 
times, and temperatures used in these irradiation and annealing 
studies. Other bias configurations were the “off” (all shorted) 
and “on” (where |Vgs| = 1.2 V and Vds = 0 V) conditions. 

The Pelletron at Vanderbilt University was used for irradia-
tion with 1.8 MeV protons of devices used for the noise study. 
Here samples were mounted in ceramic packages and exposed 
in the “diode” bias configuration at room T. Both facilities 
allow for a very high dose rate, which is necessary to reach 
TID levels up to 1 Grad(SiO2). Typical dose rates were ~ 9 
Mrad/h for the X-ray tests, with similar, effective dose rates 
for proton irradiation. 

C. Measurement details 
Static transistor measurements, mainly output and current 

transfer characteristics, were taken with a semiconductor pa-
rameter analyzer (Keithley 4200A or HP 4155 for the X-ray 
study, HP 4156 for the proton tests). The main parameters we 
extracted from the raw data are the maximum current Ion (drain 
current for |Vgs| = |Vds| = 1.2 V), the maximum transconduct-
ance in the linear regime (Gmmax), the subthreshold swing 
(SSW), and the threshold voltage (Vth). The absence of radia-
tion-induced leakage current in NMOS FETs in the studied 
technology allowed the precise extraction of all parameters, 
and in particular Vth and SSW, in these devices. 

Charge Pumping (CP) measurements were performed at the 
University of Padova. This technique can be used to determine 
the average interface-trap density of MOS transistors, as well 
as the spatial distribution and energies of these traps [13], 
[14]. The low-frequency 1/f noise of ELT PMOS transistors 
with channel lengths of 60 nm to 480 nm was measured at 
room temperature at frequencies f of 3 Hz to 390 Hz using the 
apparatus and procedures shown in [15],[16], before and after 
1.8-MeV proton irradiation, at Vanderbilt University. During 
1/f noise measurement, devices were operated in the linear 
mode of operation, with Vds = –30 mV and 0.1 ≤ |Vgs – Vth| ≤ 
0.5 V. At least two devices of each type were evaluated for all 
experimental conditions, with typical results shown below. 

III. RESULTS AND DISCUSSION 

Transistors in the studied 65 nm technology exhibit two dis-
tinct radiation-induced degradation mechanisms. During irra-
diation, the drain current Ion decreases in both P and NMOS 
transistors with inverse proportionality to the gate length 
(Fig. 1), mainly because of the increase of the parasitic series 
resistance. In addition, short-channel transistors also exhibit a 
threshold voltage shift ΔVth that depends on bias and tempera-
ture. In PMOS FETs exposed at room temperature this mainly 
takes place during post-irradiation high-T annealing (Fig. 2). 
This behavior makes it possible to separately study the series 
resistance and the threshold voltage shift: in this paper we will 
hence focus our attention mainly on PMOS transistors. 

A. Drain current decrease during irradiation 
A relevant Ion decrease is observed during irradiation of 

both N and PMOS FETs. This performance degradation gets 
milder during cold exposures (-30 °C), is consistently larger 
for shorter length devices, and almost negligible for gate 
lengths above 1 μm (Fig. 1). In degraded transistors the most 
relevant parameter change is the transconductance Gmmax, 
whose evolution closely follows changes in current drive. A 
detailed observation of the Gm = f(Vgs) curve at different doses 
(not shown here) displays comparable decreases for the full 
range of Vgs, suggesting that mobility degradation is not the 
dominant mechanism – or the degradation would be smaller at 

 
Fig. 1. Radiation-induced degradation of the current in strong inversion
(|Vgs| = 1.2 V) and in the linear regime (|Vds| = 20 mV) for PMOS and NMOS
ELT transistors “diode”-biased during exposure at room temperature up to
400 Mrad(SiO2). 
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For	some	HL-LHC	detectors,	the	adop,on	of	the	65nm	technology	was	required.	
The	study	of	TID	effects	in	transistors	revealed	the	presence	of	new	mechanisms	
at	very	high	TID	levels.

Radia-on	Induced	Short	Channel	Effect	(RISCE)

Not shown, measurements of irradiated but unannealed 
transistors also evidence a symmetrical distribution of the 
defects. On the contrary, in the post-annealing measurements 
of Fig. 10b, the charge pumping signal increases considerably 
more on the source side (measurement with floating drain), 
suggesting that a delayed generation of interface traps has 
occurred. This indicates that the traps generated during 
annealing are localized close to the source diffusion, 
confirming our previous conclusion driven by the observation 
of the DIBL asymmetry. 

d) Proton irradiation and low frequency noise 

Up until now, we have presented the results of PMOS de-
vices irradiated with ~10 keV X-rays. In the real application, 
devices will be exposed primarily to high-energy protons [28]. 
So we have also evaluated the response of the ELT PMOS 
devices to 1.8 MeV proton irradiation. This generates primari-
ly ionizing radiation, but also induces displacement damage 
[29], so this test serves a triple role, to (1) confirm that the 
aforementioned mechanisms are still present, (2) determine 
whether displacement damage effects add further complica-
tions, and (3) enable low-frequency noise measurements to be 
performed before and after proton irradiation. 

Fig. 11 shows that the response of these transistors to pro-
ton irradiation is quite similar to that observed for X-ray irra-
diation; namely, the threshold voltage shifts negatively during 
irradiation without strong gate length dependence of the re-
sponse. Little change in Vth occurs during room temperature 
annealing, but a significant increase in magnitude of the shifts 
are observed during 100 °C annealing, with the largest chang-
es occurring for the 60 nm transistors, very similar to the re-
sponse observed in Fig. 3 for 10-keV X-ray irradiation. Not 
shown, also the degradation of the on current Ion during irradi-
ation is very comparable to X-ray results. 

Fig. 12 shows the excess low-frequency noise magnitude as 
a function of frequency for the 60 nm device of Fig. 11 before 
irradiation, after irradiation, and at the end of the complete 
room-temperature and 100 °C annealing sequence. The noise 

magnitude increases with irradiation without a significant 
change in slope (approximately ~ 1/f in all cases), indicating a 
significant increase in density of the border traps (near interfa-
cial oxide-traps in the gate dielectric that exchange charge 
with Si on the time scale of the measurements) that contribute 
to the low-frequency noise [30],[31]. After annealing, the 
noise magnitude decreases under these bias conditions to a 
level that is below its pre-irradiation level, with a steepening 
of the slope of the curve. Based on previous studies, this result 
is evidence that there is not only a reduction in effective bor-

 

Fig. 11. Threshold-voltage shifts for ELT PMOS transistors of length 60, 240, 
and 480 nm irradiated with 1.8 MeV protons to a fluence of ~ 2 x 1014/cm2 
(lower x-axis), corresponding to an ionizing dose of ~ 400 Mrad(Si) (upper x-
axis). Devices were then annealed for one week at room temperature, and 
then another week at 100 °C. 

 

 

Fig. 12. Excess low-frequency noise power spectral density, corrected for 
background noise, for the 60 nm transistors of Fig. 9, before and after 
devices were irradiated with 1.8 MeV protons to a fluence of ~ 2 x 1014/cm2, 
and at the end of the annealing sequence in Fig. 9. Spikes are due to 60 Hz 
pickup and harmonics, and are ignored in the analysis. 

 

(a)  

(b)  

Fig. 13. Voltage dependence of the excess low-frequency noise power 
spectral density, corrected for background noise, for the (a) 60 nm and (b) 
480 nm transistors of Fig. 9, before and after the devices were irradiated 
with 1.8 MeV protons to a fluence of ~ 2 x 1014/cm2, and after the conclu-
sion of the annealing sequence in Fig. 9. The slope of the voltage depend-
ence, dSvd/dVG, is shown in the legend of the figure for each case. 
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The	complex	mechanisms	behind	the	RISCE	is	understood	
Origin:	radia-on	effects	in	the	spacer	oxide	(another	“parasi-c”	structure)

aeer	F.Faccio	et	al.,	“Influence	of	LDD	spacers	
and	H+	transport	on	the	total-ionizing-dose	
response	of	65	nm	MOSFETs	irradiated	to	
ultra-high	doses”,	IEEE	TNS	Vol.65,	N.1,	
Jan.2018

Defects	in	the	space	oxide:	
change	in	effec,ve	doping	in	
the	LDD	extensions	=	
increase	in	series	resistance

Hydrogen	migra,on	from	
spacers	introduces	defects	
in	the	thin	gate	oxide
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Hardness	By	Design	(HBD)		
in	commercial-grade	processes

ca.	1998-2000

Production for LHC: 
0.25um CMOS

(some) tracker 
upgrades: 65nm 
CMOS

TID up to 10Mrad TID: 100Mrad TID: 400Mrad

TID: 100Mrad to 
1Grad

Upgrades: 130nm CMOS

ca.	2006 ca.	2014 ,me

TID

Main	transistor	
Vth,	gm,	…	
Leakage	in	parasi-cs

Leakage	in	parasi-cs Leakage	in	parasi-cs	
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Fig. 1. Schematic of n-channel MOSFET illustrating radiation-induced charging of the gate oxide: (a) normal operation and (b) post-irradiation.

Fig. 2. Schematic energy band diagram for MOS structure, indicating major
physical processes underlying radiation response.

a remnant negative voltage shift, which can persist for hours or
even for years. But even these stable trapped holes undergo a
gradual annealing, which is illustrated in Fig. 3.
The fourth major component of MOS radiation response

is the radiation-induced buildup of interface traps right at the
Si/SiO interface. These traps are localized states with energy
levels in the Si band-gap. Their occupancy is determined by
the Fermi level (or by the applied voltage), giving rise to a
voltage-dependent threshold shift. Interface traps are highly
dependent on oxide processing and other variables (applied
field and temperature).
Fig. 3 is schematic in that it does not show real data, but

it reasonably represents the main features of the radiation re-
sponse of a hardened n-channel MOS transistor. The range of
data, from 10 s to 10 s, is enormous, as it has to be to in-
clude qualitatively the four main processes we have discussed.
For the oxide illustrated in Fig. 3, a relatively small fraction of
the holes reaching the interface are trapped, which is why we
say it is realistic for a hardened oxide. Many oxides would trap
more charge than is shown here. In addition, the final threshold
shift, including interface traps, is positive (the so-called rebound
or superrecovery effect) here because the number of negatively
charged interface traps finally exceeds the number of trapped
holes. Not all oxides really have this behavior, but it is one of
the results which can be considered “typical.”

Fig. 3. Schematic time-dependent post-irradiation threshold voltage recovery
of n-channel MOSFET, relating major features of the response to underlying
physical processes.

III. DESCRIPTION OF BASIC PHYSICAL PROCESSES
UNDERLYING THE RADIATION RESPONSE OF MOS DEVICES

Next, we consider these basic physical mechanisms in more
detail and provide critical references. But for a complete review,
the readers should consult the references.

A. Electron-Hole Pair Generation Energy
The electron/hole pair creation energy was determined to

be 18 3 eV byAusman andMcLean [4], based on experimental
data obtained by Curtis et al. [5]. This result has been confirmed
independently by others [6], [7], including a more accurate set
of measurements and analysis by Benedetto and Boesch, Jr. [8],
which established eV. From this value of , one
can calculate the charge pair volume density per rad,

pairs cm -rad. But this initial density is quickly reduced
by the initial recombination process, which we discuss next.

B. Initial Hole Yield
The electrons are swept out of the oxide very rapidly, in a

time on the order of a picosecond, but in that time some frac-
tion of them recombine with the holes. The fraction of holes es-
caping recombination, , is determined mainly by two
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The	physics	performance	of	LHC	experiments	largely	relies	on	ASICs

The	reliable	func,onality	of	ASICs	is	threatened	by	radia,on:	TID,	(displacement	damage),	SEE

ASICs	can	be	made	tolerant	to	radia,on	using	dedicated	design	techniques:	Hardness	By	Design	
(transistor	shape	like	ELT,	guard-rings,	substrate	contacts,	transistor	size,	triplica,on,	encoding,	…)

The	thin	gate	oxide	of	scaled	down	CMOS	technologies	is	less	sensi,ve	to	TID	effects.	

Parasi,c	oxides	(STI,	spacer)	dominate	the	TID	response	and	they	par,cularly	affect	narrow	
and	short	transistors	(RINCE,	RISCE).	This	determines	a	poten,ally	large	variability	in	the	
radia,on	response	(Fab-to-Fab,	lot-to-lot)

The	radia-on	levels	for	HL-LHC	electronics	are	MUCH	LARGER	than	anywhere	else.	
Reliable	func-onality	in	this	environment	is	VERY	CHALLENGING.	
Using	scaled-down	CMOS	technologies	for	ASICs	helps,	but	does	not	make	the	job	easy.
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Images from: A.La Rosa, “Irradiation induced effects in the FE-I4 front-end chip of the ATLAS IBL detector”,  IEEE NSS 2016
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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 of the FE-I4 front-end
chip was measured and 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 φ 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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Pre-rad current 
(4 chips unit)

FE-I4	is	the	readout	ASIC	for	the	ATLAS	pixel	insertable	b-layer	(IBL)	added	to	the	
experiment	in	2014	and	opera,onal	since	2015.		
Early	in	its	opera-onal	life,	it	showed	an	increase	in	the	current	consump-on	
requiring	a	power	off…



7,'�>0UDG@
�−�� � ��

&
XU
UH
QW
�LQ
FU
HD
VH
�>$
@

�

���

���

���

���

�

���

���

���

���

���&

���&

���&

$7/$6 ��3L[HO�3UHOLPLQDU\

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].

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
detector operation, a measurement at 10 krad h−1 was per-
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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].

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
module group of four chips does not exceed the safety limit of

Authorized licensed use limited to: CERN. Downloaded on December 10,2021 at 16:31:17 UTC from IEEE Xplore.  Restrictions apply. 
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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].

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
detector operation, a measurement at 10 krad h−1 was per-
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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].

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
module group of four chips does not exceed the safety limit of

Authorized licensed use limited to: CERN. Downloaded on December 10,2021 at 16:31:17 UTC from IEEE Xplore.  Restrictions apply. 

T = 15oC

Pre-rad current = 380mA

Images from: A.La Rosa, “Irradiation induced effects in the FE-I4 front-end chip of the ATLAS IBL detector”,  IEEE NSS 2016

The	increase	of	the	power	consump-on	is	due	to	radia-on-induced	leakage	
current	in	the	FE-I4	ASIC,	strongly	dependent	on	temperature	and	dose	rate
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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 temperature of
the IBL and compared to a linear dependence. The average module current
per 4 front-ends is shown [7].
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Fig. 3. The time-over-threshold (ToT) and its RMS as a function of the
integrated luminosity or total ionising dose (TID) [8].

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 at
lower temperatures; ii) at a given temperature, the LV current

Authorized licensed use limited to: CERN. Downloaded on December 10,2021 at 16:31:17 UTC from IEEE Xplore.  Restrictions apply. 

Images from: A.La Rosa, “Irradiation induced effects in the FE-I4 front-end chip of the ATLAS IBL detector”,  IEEE NSS 2016

The	alterna-on	of	irradia-on	and	annealing	produces	consecu-ve	“bumps”	of	
smaller	peak	amplitude,	sugges-ng	that	an	anenua-on	of	the	problem	occurs	
when	sufficiently	large	TID	has	accumulated
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On	the	basis	of	our	understanding	of	the	mechanisms	leading	to	the	leakage	
current,	the	following	scenario	is	plausible	for	discon,nuous	irradia,on	tests
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Solu-on	in	ATLAS	pixels	

• rise	the	temperature	of	the	detector	(as	much	as	compa-ble	with	safe	opera-on)	
• pa-ently	wait	un-l	the	TID	brings	the	chips	a`er	the	“TID	bump”	

but	in	general,	we	can	think	the	accumula,on	of	sufficient	TID	to	be	a	possible	
strategy	to	avoid	the	appearance	of	a	large	“bump”	in	the	current	consump,on

Warning:	temperature	and	dose	rate	play	a	key	role,	and	the	strategy	can	only	work	

IF	interface	states	do	not	significantly	anneal	at	the	opera-onal	temperature
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Figure 65. An example of the ‘TID bump’, an initial increase in the digital current supplied to an ABC130
chip when it is irradiated; the current reaches a maximum before 1 Mrad of Total Ionising Dose then decreases
again, approaching its initial value as the radiation continues. The plot shows the digital current of the chip
as it is being irradiated at 2.5 krad/h and cooled to -10 �C, conditions chosen to be similar to those expected
for the ITk strip tracker chips during HL-LHC operation. The radiation was performed using a Caesium-60
source.

Furthermore, tests of multiple chips revealed that not only does the size of the bump depend
on the environmental conditions, but that there was significant variance in the size of the bump
measured across di�erent chips tested in the same conditions. Significant variations in the size of
the TID bump were seen both between di�erent chips produced in the same batch, and between
chips produced in di�erent batches.

Ultimately, in order to mitigate the current increase, a strategy of pre-irradiation was chosen:
chips undergo high dose-rate irradiation up to a dose of ⇠ 10 Mrad, well beyond the TID bump.
Using this method, the chips have already passed the bump so that their leakage current has
returned to that before any irradiation. A number of tests performed on annealed chips confirmed
that they would not undergo a secondary bump after long room temperature annealing periods
between the pre-irradiation and operation at the HL-LHC. These tests include up to 14 months
with the chip stored at 80 �C and up to 11 months with the chip left powered and running at
room temperature. These chips were irradiated to 8 Mrad using Co-60 and re-irradiated at room
temperature at 0.7 Mrad/hr using a 3 kV tungsten x-ray tube. The e�ect of this pre-irradiation
procedure can be seen in figure 66.

5 Conclusion and outlook

Within the scope of the ABC130 barrel module programme, about 100 modules were constructed
at ten institutes foreseen to assemble barrel modules for the future ITk strip tracker. While a small
number of LS modules was built, the majority of assembled modules were SS modules, as their
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VTCQ24H_065
VTCQ24H_034 (Pre-irradiated)
VTCQ24H_067 (Pre-irradiated)
VTCQ24H_005 (Pre-irradiated)
VTCQ24H_057 (Pre-irradiated)
VTCQ24H_104 (Pre-irradiated)
VTCQ24H_096 (Pre-irradiated)
VTCQ24H_073 (Pre-irradiated)
VTCQ24H_063 (Pre-irradiated + 2m annealing @ 80 C)
VTCQ24H_061 (Pre-irradiated + 2m annealing @ 80 C)
VTCQ24H_048 (Pre-irradiated + 5m annealing @ 80 C)
VTCQ24H_069 (Pre-irradiated + 5m annealing @ 80 C)
VTCQ24H_082 (Pre-irradiated + 6m annealing @ 80 C)
VTCQ24H_046 (Pre-irradiated + 6m annealing @ 80 C)
VTCQ24H_019 (Pre-irradiated + 2.5m running at R.T.)
VTCQ24H_088 (Pre-irradiated + 3.5m running at R.T.)
VTCQ24H_044 (Pre-irradiated + 14m annealing @ 80 C)
VTCQ24H_050 (Pre-irradiated + 11m running at R.T.)

Figure 66. Comparison of current increase for un-pre-irradiated and pre-irradiated ASICs with various
annealing processes carried out — chips were either left unpowered in an oven at 80 �C or powered and
read-out constantly at room temperature. Independent of the annealing applied, pre-irradiated ASICs showed
a current increase of less than 50 % — significantly less than the primary TID bump. Results are shown for
multiple ASICs at each annealing option and all chips were taken from the same wafer.

more complicated assembly and readout was considered more challenging. Their construction
allowed to develop assembly tools and test procedures for future module construction.

The barrel module prototyping programme demonstrated that the established procedures for
assembly and quality control ensured the production of modules within the required specifications.
The assembly procedures and developed tooling were found to result in the required module
geometries as evidenced by the outcome of metrological surveys. The electrical testing procedures
confirmed that the Signal-to-Noise-ratio required by the ATLAS strip tracker for the subsequent
module generation could be achieved. Areas for improvement, such as an increased noise under the
powerboard shield box, could be identified and corrected in subsequent iterations.

The assembled modules were used to construct complete prototype versions of higher-level
detector structures called staves. Staves consist of a carbon fibre core with integrated cooling, power,
and data I/O infrastructures on both sides, onto which 13 or 14 modules per side are glued and
electrically connected [3]. The availability of 100 barrel modules allowed the assembly of one fully
loaded stave, three half loaded staves (where only one side of the stave was fully populated) and one
partially loaded double-sided stave (where both stave sides were partially populated with modules).
The availability of several populated stave sides permitted tests of fully assembled structures as well
as system tests, where potential interactions of neighbour staves could be studied. The extensive
test program performed on staves [34] goes beyond the scope of this publication.

The scale and results of this prototyping program demonstrated a high degree of development
for all involved components, as well as the module assembly and testing processes. The major
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Images from: L.Poley et al., “The ABC130 barrel module prototyping programme for the ATLAS strip tracker ”,  2020 JINST 15 P09004 

Example	where	the	pre-irradia-on	strategy	is	used:	the	ABCstar	readout	ASIC	for	the	
ATLAS	HL-LHC	inner	tracker	(strip	detector).

2020 JINST 15 P09004

Figure 44. ABC130 short strip barrel module on a test frame PCB: wire bonds connect hybrids and
powerboards to the test frame for data readout (bottom side) and power supply (top side). The sensor rests
on a ledge surrounding a cutout in the test frame, through which high voltage and cooling are applied to the
sensor backplane.

Figure 45. Power supplying bonds on a short strip module with a powerboard: current is supplied from the
test frame to the powerboard through bond wires (right side). Hybrids are powered through wire bonds from
the powerboard (left side).

powerboard attachment, permitting a comparison of the module performance at both stages (see
section 4.7).

For the full electrical test of a module, the tests performed on electrical hybrids (Capture HCC
and ABC IDs, Strobe Delay and Three Point Gain — see section 3.2) are repeated with a fully
depleted sensor. Results from the Three Point Gain are used to grade each individual module
channel (see table 5) and determine the number of good channels on a module.

In addition to the test sequence above, more tests can be performed for a full module charac-
terisation:

• High statistics Three Point Gain

• Trim Range

– 49 –

Current consumption “bump” 
at 2.5 krad/hr and -10oC

Dose (Mrad)

Pre-irradiation very significantly 
reduces the peak of the “bump” 
AND interface states do not 
anneal quickly
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The	lonely	perpetrator	in	the		DCDC	FEAST2	case	
How	an	individual	transistor	threatened	the	opera-on	of	the	CMS	pixel	detector

Case	study	2
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Inves&ga&on	=	the	act	or	process	of	examining	a	crime,	problem,	
statement,	etc.	carefully,	especially	to	discover	the	truth
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The crime scene



Bpix DC-DC: radius 240mm, z range 2067- 2430mm from i/p. 
Fpix  DC-DC: radius 140mm, z range 1315-1530mm from i/p

FPIX

84

Cooling	at	-20oC

FEAST2	in	the	CMS	pixel	detector

FEAST2 module
Vin 12V Vout 2.5-3.3V
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Witnesses
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6

Lumi section------> 

Bpix	Layer	1	

1st DCDC lost 
OCT 5th Automatic 

power cycles 
during fills 

Manual power cycles in inter fills 

Number of inactive 
ROCs is reset at 

power cycle 

Slope is proportional to 
luminosity (SEU on TBM) 

Accumulate 
permanently lost ROCs, 

due to broken DCDC 
converters 

Power cycle 

First	failures	in	the	detector	on	October	5th	aVer	several	months	of	smooth	opera=on.	
Almost	all	failures	happen	during	a	disable/enable	cycle	of	the	converter	module	required	
to	reset	a	controller	chip	(TBM	ASIC,	affected	by	SEUs).

Increase	in	luminosity,	change	in	beam	structure

No	correla-on	with:	
- output	voltage	
- output	current	
- posi,on	in	the	detector	
- anything	other	than	the	beam

Failure	of	FEAST	DCDCs	in	the	CMS	pixel	detector

DCDCs	fail	during	disable/enable	cycles
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YETS	17-18

LS2

Request	longer	Year-End	Stop	
Open	the	detector	
Extract	all	DCDC	modules	
Replace	(all?)	modules	(fuse	changed)

Rest	of	2017	Physics	Run

2018	Physics	Run

Plan	around	November	2017

Nothing	can	be	done.	
Accept	loss	of	modules

Find	a	patch	ensuring	
data	taking

Solve	the	problem	
for	the	long	term

“At	this	pace,	game	over	
for	CMS	around	May	2018”
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The autopsy
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YETS	17-18:	Merry	Christmas!

Photo	memories	from	the	2017	Christmas	Break
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8

Tally	of	the	damaged	modules	in	the	full	system

Perfectly	working	in	the	system	but	found	
to	have	anomalous	current	when	testedFEAST2	modules	in	the	CMS	experiment	were	

found	to	present	2	dis-nct	types	of	damage

- “Broken”	samples	failed	to	provide	any	
output	voltage	

- “High-current”	samples	were	perfectly	
func-onal,	but	were	found	to	have	an	
excessive	current	below	UVLO

9

Symptoms	of	damaged	converters:	current	consump=on	below	UVLO	thresholds

Vin	(V)

Iin	(mA)

4.2 4.6

1

3

Vin	(V)

Iin	(mA)

4.2 4.6

1

3

UVLOTh1:	Regulators	on

UVLOTh2:	DCDC	enabled

4.5	to	>20	mA

Vin	(V)

Iin	(mA)

4.2 4.6

1

3

UVLOTh1:	Regulators	on

UVLOTh2:	DCDC	enabled

“Good” “Broken” “High	current”

Perfectly	working	in	the	
experiment

Failed	in	the	experiment Perfectly	working	in	the	
experiment



Failure	Analysis	(FA)	with	emission	microscopy	and	Op-cal	Beam	Induced	Resistance	Change	
(OBIRCH)	at	MASER	(NL)

During	OBIRCH	a	laser	beam	
selec5vely	illuminates	the	metal	
lines,	altering	their	resistance.	The	
consequent	input	current	change	is	
measured,	allowing	the	mapping	
of	current	paths.	In	broken	FEAST2	
samples,	current	flows	to	the	
clamp	transistors.

Emission	images	are	based	on	the	detec5on	of	photons	generated	from	hot	
carriers	(therefore	only	conduc5ng	NMOS	transistors	are	well	visible).	
“Broken”	or	“High-current”	FEAST2	samples	showed	different	current	paths.

91



92

Observa-ons	match	the	hypothesis	that	one	of	the	two	on-chip	clamp	transistors	is	damaged

Clamp	transistors

UVLO_regs	

C33_driver		
external	

Gnd_PCB	

Amplifier	
Level	shifter	

Vin	<12V	

High	Voltage		
PMOS	Pass		
transistor	

Voltage	
divider	

Vdd_D(3.3V)	

Gnd_control	

Gate_PMOS	

Not_VddD_OK	

Not_VddD_OK	UVLO_regs	

Gate_PMOS	

Vin	<12V	
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The motive
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Radia-on	in	ASIC?

Flawed	ASICs?

Flawed	PCBs?

EM	noise?

Radia-on	in	package?

Environmental	condi-ons?

Why	the	clamp	transistor(s)	is(are)	damaged?

Electrical	stress?

Combina-on	of	any	of	the	above??
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Test	in	a	3T	magne-c	field	revealed	no	problem

FEASTMP	and	CMS	modules	inside	the	M1	facility	in	the	H2	
beam	line	in	Prévessin	(Building	887)	

Environmental	condi-ons?
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~9.1V	
~7.3V	

Cap	removed	

Faulty	capacitor,	or	interminent	contacts	of	the	capacitor	in	the	PCB	generated	a	stress	that	
produced	somewhat	similar	damage

3D	X-ray	imaging	of	the	module	to	inspect	the	quality	of	the	
soldering	of	the	capacitor	to	the	PCB	

Waveform	of	the	V33Dr	node	when	the	capacitance	
has	intermi[ent	contacts	to	the	PCB	

Flawed	PCBs?
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Long-term	ageing	tests	on	124	converters	did	not	reveal	problems	with	FEAST2	ASICs

3 drawers with 
8x4 modules

view of an 
open drawer

“Crate96” system with 
32x3 modules

Electrical	stress?

	

	
	

	

	

the parasitic inductance 
along the current path 
induces over-voltages 
during the commutations



Capaci5ve	high-frequency	coupler	used	on	the	
input	bus	line

AC-observa5on	of	the	effect	of	a	3kV	(!)	pulse	with	50ns	dura5on	
on	Vin	and	V33Dr.	The	peak	is	several	V	above	the	DC	(V33Dr	
reaches	8V)!

Injec-on	of	EM	noise	by	capaci-ve	coupling	to	the	input/output	and	signal	lines.	The	converter	
appears	to	be	very	resilient
Led	by	F.	Szoncso	and	D.	Valuch
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EM	noise? Environmental	condi-ons?



High-frequency,	large	power	RF	noise	injec-on	could	produce	damage	with	different	signature
Led	by	F.	Szoncso	and	D.	Valuch

High	frequency	(GHz)	and	high	power	transient	pulses	are	injected	via	an	antenna	in	a	special	
chamber	in	CERN	Prévessin.	At	very	large	power,	the	ASIC	can	be	damaged	but	the	signature	
is	different	than	in	samples	failing	in	CMS.	Coupling	is	through	the	long	enable	line.

99

EM	noise? Environmental	condi-ons?



Stress	tests	with	an	ESD	gun	(1.2kV	pulses)	could	produce	somewhat	similar	damage	-	but	the	
energy	injected	needs	to	be	really	large

An	ESD	gun	is	used	to	inject	a	discharge	to	the	different	pins	of	the	FEAST2	package.		
To	produce	any	damage,	a	visible	spark	has	to	be	produced.

100

EM	noise? Environmental	condi-ons?
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SEE	Heavy	Ion	irradia-on	on	samples	pre-exposed	to	X-rays,	Protons	and	Neutrons		
did	not	show	any	sign	of	damage

4	modules	prepared	on	a	motherboard	are	placed	inside	the	irradia5on	chamber	where	
they	will	be	exposed	to	a	Heavy	Ion	beam.	The	FEAST2	chips	were	previously	irradiated	with	
X-rays,	230MeV	protons	or	neutrons	from	a	reactor.

Radia-on	in	ASIC?
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Exposure	of	32	FEAST2	in	the	CMS	Castor	Table	was	meant	to	reproduce	some	of	the	
environmental	condi-ons	(proximity	to	the	beam	line,	EM	environment,	radia-on	environment)

32	sample	DCDC	modules,	both	FEASTMP	and	CMS	
modules,	are	exposed	and	constantly	monitored	in	
the	CMS	Castor	Table	during	the	2018	run.	

Radia-on	in	ASIC? Environmental	condi-ons?
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Radia-on	in	ASIC? EM	noise?Environmental	condi-ons?

Two	irradia-on	runs	at	the	CERN	IRRAD	facility	were	instrumental	
in	understanding	the	origin	of	the	damage
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PS Proton 
beam

CU	target	
(1cm)

Cold	box

Exposure	of	32	FEAST2	at	-25oC	at	the	CERN	IRRAD	facility	
The	facility	run	in	a	purposely	modified	configura,on	to	expose	the	converters	in	a	mixed	field:	
MANY	THANKS	to	the	IRRAD	TEAM!

32	samples,	both	FEASTMP	and	CMS	modules,	are	
exposed	and	constantly	monitored	in	a	cold	box	
(-25oC)	in	the	CERN	IRRAD	facility	(May	2018).

32	modules	inside	the	cold	box
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but this can also be done by comparing the input current of the disabled module at 12V of input 
voltage. Therefore, the full exploitation of the results is possible even during the frequent 
occasions when the supply voltage was steady at 12V.


Always concerning the conditions of the samples during the irradiation, two more important points 
have to be specified. First, the modules were exposed with a very small load of 100 Ohm because 
this does not require any specific provision for cooling and because the failures in CMS were 
independent on the load. Second, there was a relevant voltage drop across the long cables and 
the actual supply voltage at the motherboard was normally around 11-11.2V when the converters 
were functional. This actual voltage at the end of the line was measured with a dedicated 
monitoring cable without current flow (remote sensing).


� 


Figure 6: Graphical representation of the sequence applied to the modules during the irradiation. 
Note how the disables in the middle and at the end of the sequence happened with an input 
voltage of 12V (nominal, in reality the voltage was closer to 11V during operation because of the 
drop along the cables). 

B. Experimental results 
Irradiation started on May 2 at around 6pm, while detectors inside the box measured -27C and a 
10% humidity. During the first hours the on-line monitors were used to estimate the irradiation 
rate (neutrons/cm2 and TID), and the box was moved increasingly closer to the beam in several 
steps. Our target was to reach and preferably exceed the radiation levels for the 2017 CMS run in 
the location where the DCDC converters are installed, namely 2.7e13 n/cm2 for FPIX and 1.7e13 
n/cm2 for BPIX (these are expressed in 1 MeV equivalent neutrons). When the estimated flux from 
the active dosimeters was compatible with reaching such a target in the allocated 2-3weeks time, 
we left the box in that position for the rest of the test.


The irradiation continued for about 2 and a half weeks, and was interrupted on May 21 at midday 
by removing the Cu target from the beam. The cooling box was left in the same position and at 
the same temperature for several days, still always running the same acquisition sequence. On 
June 5 the temperature was increased and the next day the full system was removed from the 
IRRAD experimental area. Samples were placed in a storage room without bias.


During the irradiation, a large number of samples showed the “high current” type of damage while 
one sample failed to provide the output voltage. The map of Fig.7 illustrates the position of the 
damaged converters, their chronological order of damage, the position of the motherboards in the 
radiation field and the most reasonable dosimetry during the run (details in the caption). The 

�5

A	specific	bias	and	control	sequence	was	used	during	the	exposure

1	hour,	Vout	monitored	
every	10min

1	hour,	Vout	monitored	
every	10min

Check	I-V	to	find	High-Current	condi,on

The	full	sequence	lasts	about	2	hours,	with	97%	of	the	,me	in	“monitoring”
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correlation with the proximity of the beam is evident, proving that the damage is indeed 
associated to the integrated flux of particles: a threshold flux is needed for the damage to be 
produced. Another fundamental observation concerns the moment in the functional sequence 
when the damage appeared. Although the DCDCs are in the on state for 97% of the time, the 
damage never happens in this state, but always during or immediately after a disable. More 
details of the failures are listed in Fig.8.


� 


Figure 7: Geographical summary of the results of the first irradiation run in IRRAD. The four 
motherboards are positioned inside the cold box, whose borders are visible in the image. In red 
are the samples that showed the “high current” type of damage during the irradiation, in black the 
single sample that failed and in blue those that showed “high current” after the end of the 
irradiation, when the samples were still in the box at -25C. The number indicates the chronological 
sequence of the damages. A magnification of the modules is shown below this caption. The pink 
squares inside the box and in-between the motherboards report the reading from the passive 
dosimeters in that location (they were exposed for the full irradiation). The black squares at the 
edge of the motherboards indicate the total accumulated fluence, in 1MeV equivalent neutrons, 
from the active dosimeters in that location. Just below those numbers, the red squares are the 
estimated levels of dose in the same location (from comparison with data from the second run). 
Finally, the red squares around the box represent the readings from passive dosimeters installed in 
those location. 

� 
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The	results	powerfully	revealed	some	important	correla-on:

so 16 FEASTMP and 16 Aachen modules were part of the test - each family in fact made use of 2 
dedicated motherboards (this can be seen in Fig.4, where the different module design is clearly 
observable). Also, samples included parts with different output voltage settings (1.5 and 2.5V) - 
also the Vout was found not to be discriminant in the CMS failures.


� 

Figure 3: All the instrumentation required for the test is positioned on a laboratory cart, here in the 
control room of IRRAD. The flat cables are the only connection to the motherboards in the beam, 
one flat cable per motherboard. 

� 

Figure 4: The 4 motherboards are installed on the cold box cover, ready for the exposure. 

�3

No	damage

- Between	the	damage	and	the	integrated	flux	
‣ The	first	damage	occurs	aeer	9	days,	then	several	samples	per	day	
‣ Only	samples	closer	to	the	beam	are	damaged	
‣ Samples	are	damaged	also	aeer	the	end	of	the	exposure	

- Between	the	occurrence	of	the	damage	and	the	disable-enable	sequence	
‣ Also	true	for	the	“High-Current”	

Red = High-Current damage occurred during exposure

Blue = High-Current damage occurred after exposure

Black = failure
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X-ray	irradia-on	using	the	same	enable/disable	cycle	as	in	IRRAD,	and	monitoring	the	current	
under	UVLO	thresholds,	it	was	eventually	possible	to	produce	the	same	damage!	

Now	we	had	a	tool	to	study	the	mechanism	in	detail!

X-ray	machine	of	the	EP-ESE	group
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The crime reconstruction



109

nLDMOS

core	ELT	nMOS

The	problem	is	localised	in	the	linear	regulator	(V33Dr)	that	provides	the	required	current	
to	the	drivers	of	the	power	transistors	(HS	and	LS)

states at the interface between the thick lateral oxide and the channel trap negative charge 
in the case of NMOS transistors, and tend therefore to reduce the leakage current. Due to 
their latent formation, their effect only gets visible after some time in our irradiation test, 
and determines a small decrease of the leakage at TID levels above some Mrd. This has 
been observed, more evidently, also for other technologies (130nm CMOS logic). 
The evolution of the leakage current (drain to source current for Vgs=0V and Vds=14V) 
as a function of the TID for different test chips is shown in Figure 1. Chips labeled with 
the letter A are those for which the transistor array did not contain any protection diode to 
protect the gate of transistors against ESD events. Chips labeled with the letter C instead 
had protection diodes at the gate of every transistor. 
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Figure 1: Evolution of the leakage current for LNNDM14 transistors with linear layout, 
for 4 different chips. Chip A3 has been irradiated with a smaller bias on the gate (2V) 
and a current flowing in the transistor. The points at 100rad are in reality measured 
before irradiation. 
 
The measured evolution of the Vth with irradiation is shown in Figure 2, where the Vth 
has been extracted in the linear region (Vds=50mV) by linearly fitting the curve around 
the maximum of the transconductance. Over the full irradiation cycle of the 4 chips, the 
maximum Vth variation is +/- 100mV. The evolution with TID is somewhat different that 
what typically observed for low-voltage transistors, in particular the initial increase with 
dose followed by a decrease at larger doses (this decrease can be attributed to trapping of 
holes in the gate oxide, and is a normal behavior).  
For what concerns the mobility and the on-resistance of the transistor, they vary of a 
maximum of respectively 20% and 10% over the full range of TID explored. 
Overall, due to the large leakage induced by radiation, this transistor is not suitable for 
our application. 
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UVLO_regs	

C33_driver		
external	
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In	the	presence	of	a	large	TID-induced	leakage	in	the	nLDMOS,	consequences	appear	
ONLY	when	FEAST2	is	disabled	(no	load	for	the	V33Dr	regulator)

“disabled”

≈	500uA

leakgage	≈	1uA

logic	1

logic	1

≈	5uA

Current	integra-on	on	
the	220nF	capacitor:	
V33Dr	increases	!!

V33Driver
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We	observed	a	“voltage	peak”	on	the	V33Dr	node	when	FEAST2	is	disabled	during	X-ray	exposures.	
The	voltage	peak	increases	with	TID

Enable

Example	waveforms	at	the	V33Dr	node

TID

Peaks	of	up	to	
8.5V	observed	
during	X-ray	
exposure
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UVLO_regs	

C33_driver		
external	

Gnd_PCB	

Amplifier	
Level	shifter	

Vin	<12V	
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Not_VddD_OK	UVLO_regs	

Gate_PMOS	

Vin	<12V	

Driver	LS Driver	HS

phase

bootstrap

220nF220nF

Peak	voltage	up	to	>	8V

If	a	clamp	transistor	is	damaged	=>	linear	regulator	stuck	=>	FEAST2	failure

If	a	device	along	this	path	is	damaged	=>	increase	in	regulator	current	=>	
FEAST2	con-nues	to	operate

The	voltage	at	the	V33Dr	node	goes	well	beyond	the	nominal	maximum	of	3.3V+10%.	
This	voltage	stress	might	end	up	damaging	a	device.	We	have	observed	2	damage	mechanisms,	
and	Failure	Analysis	with	emission	microscopy	and	OBIRCH	have	confirmed	the	current	paths.
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A	graphical	representa-on	of	the	narra-ve

Time	(in	2017)October

Luminosity

TID

TBM	power	cycle	=	
disable	of	FEAST2

nLDMOS	
Leakage	
current

TBM	requires	a	power	cycle		
=>	FEAST2	is	disabled	while	the	leakage	is	large		
=>	peak	voltage	at	V33Dr		
=>	damage
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The	perpetrator



2	easy	to	implement	patches	were	used	to	rapidly	fix	the	problem.	
Then	a	permanent	solu-on	was	implemented	in	a	new	version	of	the	
circuit.
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FEAST2.3

Present	default	version	for	all	modules

3 kOhm
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Thoughts	inspired	by	this	FEAST2	crisis
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This	is	a	very	complex	system	
- Assembly	of	different	sub-systems	
- Unique	“prototype”	
- Tested	in	the	real	environment	only	
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We	are	not	NASA	in	the	1970s…
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- The	designers	of	the	failing	component	were	s-ll	around,	and	at	CERN	

- The	problem	happened	to	a	detector	that	is	amongst	the	easier	to	open	

- Once	understood,	patches	and	fixes	were	easy	to	implement	

- The	problem	appeared	in	2017	and	not	in	HL-LHC	trackers

Some	reasons	to	be	grateful	for	our	luck
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Personally I'm always ready to learn,  
although I do not always like being taught

W. Churchill


