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2003-2007	 2007-2009	 2010-now	

Laurea	(2003):	semileptonic	decays	
of	B	mesons	

PhD	(2007):	CP	violation	in		
b	è	c	decays		

+	Silicon	Tracker	Operations	

Silicon	sensors	for	high	luminosity	
e+e-	colliders		

Università	di	Trieste	&	INFN	
Laurea,	PhD	&	Post-doc		

LPNHE	–	CNRS	–	UPD	
Post-doc	&	Maître	de	Conférences	

Silicon	trackers	for	the	future	high	
luminosity	hadronic	colliders	

Teaching,	in	Italy	and	France	
Ø 	Università	degli	Studi	di	Trieste,	Faculty	of	Engineering,	undergraduate	program	
Ø 	Université	Paris	Diderot,	Natural	Sc.	And	Phys.	Dept.,	undergr.	and	master	program	

Education,	research	and	teaching	
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Radiation	damage	studies	on	the	
ATLAS	pixel	detector	

Advising	students,	from	
undergraduates	to	PhD	



Students	supervision	
•  Gonzague	Le	Mesre	De	Pas,	stage	d’école	d’ingénieur,	2011	

–  Characterisation	and	simulation	of	silicon	diodes	
•  Qu	An,	M1	stage,	2012	

–  Simulation	of	irradiated	silicon	sensors	
•  Audrey	Ducourthial,	M1	stage,	2014	

–  Characterisation	of	pixel	detectors	for	the	ATLAS	tracker	upgrade	
•  Audrey	Ducourthial,	M2	stage,	2015	

–  Analysis	of	testbeam	data	of	pixel	detectors	for	the	ATLAS	tracker	upgrade	
•  Audrey	Ducourthial,	PhD	Thesis,	2015-ongoing	

–  ATLAS	Tracking	detector	upgrade	and	its	importance	for	H->bb	analysis	
•  Kenji	Nardone,	stage	d’école	d’ingénieur,	2017-2018	

–  Characterisation	and	simulation	of	silicon	detectors	
•  Plus	students	working	at	testbeams	(Louis	D’Eramo,	Ilaria	Luise,	etc.)	
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CONTEXT	
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Role	of	trackers	in	HEP	experiments	
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2)	Extrapolate	back		
to	the	point	of	origin.		

3)	Reconstruct	
primary	vertex	

4)	Reconstruct	secondary	
vertices;	measure	impact	

parameters	

1)	Measure	particles	
trajectories	and	their	
momentum,	
transverse	and	total	



Elementary	particles	and	flavour	tagging		

e-e+èΥ(4s)èBBar	

b-jet	at	hadron	colliders	

Flavour	tagging	for	CP	violation	
measurement	in	B	mesons	system	+	

N
ew

	P
hy
sic

s.
..	

Δz	~	260	µm	
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Lifetimes	of	tau	
leptons,	charm		

and	beauty	hadrons:	
	from	0.2	to	1.5	ps	

Typically	the	decay	
vertex	is	at	a	distance	
of	single	millimeters	
from	the	interaction	
vertex		
è	sub-millimeter	
precision	needed!	

è	



Flavour	tagging	at	B-factories	

e-e+èΥ(4s)èBBar	

Flavour	tagging	for	CP	violation	
measurement	in	B	mesons	system	

Δz	~	260	µm	
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In	order	to	have	a	better	than	10%	precision	in	measuring	CP	violation	
the	vertices	had	to	be	reconstructed	with	a	80	µm	resolution,	
corresponding	to	about	1/3	of	the	average	vertices	distance	

	
In	reality	fully	reconstructed	Bs	had	vertex	precision	of	50	µm,	while	for	

tag	side	it	was	about	100-150	µm	
	

BaBar	tracker	performance	allowed	also	to	measure	precisely	τB	too	



Jet	tagging	at	LHC	
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The	ability	to	identify	jets	containing	b-hadrons	is	
important	for	the	high-pT	physics	program	of	a	
general-purpose	experiment	at	the	LHC	such	as	
ATLAS	
	
Fundamental	tool	to		
Ø  select	pure	top	samples	
Ø  search	for	(SUSY)Higgs	coupling	to	heavy	object	
Ø  veto	large	dominant	tt	background	
Ø  search	for	new	physics:	SUSY	decay	chains,	

heavy	gauge	bosons,	etc	

s.roe (CERN) vertex 2017 /2615

d0 and z0 resolutions
Greatly improved between run-1 and run-2

AT
L-
PH

YS
-P

U
B-

20
15

-0
18

 ∵ IBL, Material reduction at pixel boundaries



Transverse	momentum	resolution	

Transverse	momentum	resolution:	need	strong	B,	long	path	length	L,	
excellent	space	point	resolution	σpoint	and	keep	material	budget	at	minimum	
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CHAPTER 1. CONTEXT AND MOTIVATIONS

Assuming a space point-resolution of æpoi nt , the (transverse) momentum resolution339

is well described by [25–27]:340
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where pT is the particle momentum (in GeV/c) transverse to the magnetic field B (in341

Tesla); L is the radial length, in meters (the space point-resolution of æpoi nt is measured342

in meters too). N is the number of equidistant measuring layers in the tracker and for this343

formulation it is assumed to be large. As it can be seen from Equation 1.8, other than a344

good space-point resolution, it is also important to have a large magnetic field and a long345

tracker lever arm; the latter in particular enters quadratically in the formula.346

The charged particles ionise the medium through Coulomb interactions, which in-347

volve energy and momentum exchanges, hence the particle being tracked is subject to348

many (small) deflections. The collective term for all these deflections is multiple scatter-349

ing (MS). The extrapolation from the detecting layer closest to the interaction point to the350

primary vertex has a slope that is smeared by µMS due to MS effects which is equal to [26]:351

µMS º 0.0136GeV/c
Øp

r
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where p is the particle momentum, Ø its velocity in units of the speed of light, x is the352

material thickness and X0 its radiation length. MS deteriorates the momentum resolution353

by [27]:354
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with L and B as in Equation 1.8. Here L/sinµ is the projected tracker length and (x/sinµ)/X0355

is the material thickness traversed by the particle, expressed in units of radiation length356

X0, when the particle crosses the detector at an angle µ with respect to the detector sur-357

face.358

As an example, the resolution of a 1 GeV/c pT track in a L = 1 m, N = 10 layers tracker,359

immersed in a B =1 T solenoidal field, is about 1.0% if the space-point resolution æpoi nt360

is about 10 µm for tacks at normal incidence; the result is dominated by MS effects. For a361

100 GeV/c pT the resolution is about 2.0% and it is dominated by the error on the curva-362

ture measurement (first term of Equation 1.8).363

The error on the secondary vertex reconstruction is linked to the precision on the364

transverse impact parameter d0 [27]:365
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where the first term results from the extrapolation from the tracker to the primary vertex366

with r /L being the ratio of the extrapolation distance to the tracker length. It is clear367

it is better to have the first layer as close as possible to the interaction point (small r ),368

and then have the outermost layer as far as possible (large L); increasing the number N of369

measurements help (central limit theorem); the resolution depends linearly on the space-370

point resolution. The second term is due to multiple scattering, where µMS is the multiple371

scattering angle (presented in Equation 1.9), and and rpv the distance of the first layer372

to the primary interaction vertex. Minimising material and getting one layer as close as373

possible to the primary vertex helps; on the contrary, adding many layers here doen not374
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N:	number	of	equidistant	measuring	layers	

Multiple		
Scattering	

Particle	incident	on	a	thin	slab	undergoes	Multiple	
deflections	due	to	Coulomb	Scattering	(MS)	
θMS	depends	on	material	budget	and	momentum	

θ	
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θMS	
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e.g.:	arXiv:1705.10150	

CHAPTER 1. CONTEXT AND MOTIVATIONS

Assuming a space point-resolution of æpoi nt , the (transverse) momentum resolution339

is well described by [25–27]:340

æpT

pT
=

µ
pT

0.3|z|
æpoi nt

L2B

r
720

N+4

∂
©

µ
æpT

pT

∂

MS
(1.8)

where pT is the particle momentum (in GeV/c) transverse to the magnetic field B (in341

Tesla); L is the radial length, in meters (the space point-resolution of æpoi nt is measured342

in meters too). N is the number of equidistant measuring layers in the tracker and for this343

formulation it is assumed to be large. As it can be seen from Equation 1.8, other than a344

good space-point resolution, it is also important to have a large magnetic field and a long345

tracker lever arm; the latter in particular enters quadratically in the formula.346

The charged particles ionise the medium through Coulomb interactions, which in-347

volve energy and momentum exchanges, hence the particle being tracked is subject to348

many (small) deflections. The collective term for all these deflections is multiple scatter-349

ing (MS). The extrapolation from the detecting layer closest to the interaction point to the350

primary vertex has a slope that is smeared by µMS due to MS effects which is equal to [26]:351

µMS º 0.0136GeV/c
Øp

r
x

X0
(1.9)

where p is the particle momentum, Ø its velocity in units of the speed of light, x is the352

material thickness and X0 its radiation length. MS deteriorates the momentum resolution353

by [27]1:354

µ
æpT

pT

∂

MS
=

0.054
ØBL

s
x/sinµ

X0
(1.10)

with L and B as in Equation 1.8. Here (x/sinµ)/X0 is the material thickness traversed355

by the particle, expressed in units of radiation length X0, when the particle crosses the356

detector at an angle µ with respect to the detector surface.357

As an example, the resolution of a 1 GeV/c pT track in a L = 1 m, N = 10 layers tracker,358

immersed in a B =1 T solenoidal field, is about 1.0% if the space-point resolution æpoi nt359

is about 10 µm for tacks at normal incidence; the result is dominated by MS effects. For a360

100 GeV/c pT the resolution is about 2.0% and it is dominated by the error on the curva-361

ture measurement (first term of Equation 1.8).362

The error on the secondary vertex reconstruction is linked to the precision on the363

transverse impact parameter d0 [27]:364

æd0 º
æpoi ntp

N

s

1+ 12(N°1)
N+1

≥r
L

¥2
©µMSrpv

s
N(2N°1)
6(N°1)2 (1.11)

where the first term results from the extrapolation from the tracker to the primary vertex365
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1The formula reported in this manuscript is correct; the one in version v2 of [27] on arXiv is wrong. This
was clarified in private discussion with the authors.
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At	normal	incidence		
for	1	layer	



Vertexing	resolution	
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X0, when the particle crosses the detector at an angle µ with respect to the detector sur-357

face.358

As an example, the resolution of a 1 GeV/c pT track in a L = 1 m, N = 10 layers tracker,359

immersed in a B =1 T solenoidal field, is about 1.0% if the space-point resolution æpoi nt360

is about 10 µm for tacks at normal incidence; the result is dominated by MS effects. For a361

100 GeV/c pT the resolution is about 2.0% and it is dominated by the error on the curva-362

ture measurement (first term of Equation 1.8).363

The error on the secondary vertex reconstruction is linked to the precision on the364

transverse impact parameter d0 [27]:365

æd0 º
æpoi ntp

N

s

1+ 12(N°1)
N+1

≥r
L

¥2
©µMSrpv

s
N(2N°1)
6(N°1)2 (1.11)

where the first term results from the extrapolation from the tracker to the primary vertex366

with r /L being the ratio of the extrapolation distance to the tracker length. It is clear367

it is better to have the first layer as close as possible to the interaction point (small r ),368

and then have the outermost layer as far as possible (large L); increasing the number N of369

measurements help (central limit theorem); the resolution depends linearly on the space-370

point resolution. The second term is due to multiple scattering, where µMS is the multiple371

scattering angle (presented in Equation 1.9), and and rpv the distance of the first layer372

to the primary interaction vertex. Minimising material and getting one layer as close as373

possible to the primary vertex helps; on the contrary, adding many layers here doen not374

9

The	precision	on	vertexing	is	linked	to	the	impact	parameter	resolution		

•  σpoint	is	the	space	point	resolution	
•  N	is	the	number	of	equidistant	
measuring	layers	

•  r/L	is	the	ratio	of	extrapolation	
distance	over	tracker	length		

rPV	is	the	distance	of	the	first	layer		
from	the	primary	vertex	

Need	for:	
Ø Excellent	space	point	resolution	σpoint	
Ø A	plane	as	close	as	possible	to	the	
interaction	point	(r)	

Ø Long	lever	arm	L	
Ø Minimize	material	(x	and	X0)	

(Limited	gain	for	large	N)	

e.g.:	arXiv:1705.10150	
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CHAPTER 7. PIXELS DETECTORS FOR THE NEW ATLAS INNER TRACKER
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Figure 7.12: Top: Design of the sample of the region shown in the plot below. Bottom: Charge
sharing probability for DO9 at Vbi as=1200V. Note the reduced charge sharing in the bias grid region
on the right-hand side of the central pixel.

of this “core” Gaussian gives the width of the charge sharing region.2818

Figure 7.13 shows the residual distributions in the 50µm pixel direction for the unir-2819

radiated sample (DO6) and the sample irradiated to 2£1016 neq/cm2, respectively. The2820

widths of the distributions are 16µm and 15.4µm, comparable with the expected digital2821

resolution of 14.4µm. Thus, no influence of radiation damage on the spatial resolution2822

can be observed.2823
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Figure 7.13: Residual distributions in the short pixel direction for an unirradiated sample (DO6,
left) and a sample irradiated to 2£1016 neq/cm2 operated at a bias voltage of 1000 V (DO10, right).
No deterioration of the spatial distribution with irradiation is visible.

Plotting the residual distribution for two-pixel clusters only allows the width of the2824

charge sharing region between pixels to be determined. Figure 7.14 shows the distribu-2825

tions for DO9 (5£1015 neq/cm2) and DO10 (2£1016 neq/cm2). After correcting for the tele-2826

scope resolution, the widths of the charge sharing regions are 7.1µm and 7.7µm. These2827

values correspond very well with the width found for an unirradiated sample of 6.4µm.2828

This indicates that the lateral diffusion of the charge cloud does not change significantly2829

with irradiation.2830

Comments The radiation hardness of n°bulk sensors was tested up to unprecedented2831

fluences, with a maximum of 20£ 1015 neq/cm2. At a bias voltage of 1.2 kV a collected2832

charge of about 6 ke was observed, corresponding to about one third of the collected2833

charge before irradiation. A much thinner detector should be able to collect a much larger2834

fraction of charge at a bias voltage lower than 1000 V. Despite the rather small collected2835
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Measured	hits	

Measuring	layers	

Ø  From	the	RMS	of	the	residuals	distribution		
the	space	point	resoultion	σpoint	can	be	inferred	
Ø  Several	effects	enter	involved:	

Ø  Statistical	fluctuations	in	energy	loss	
Ø  Diffusion	
Ø  Lorentz	Angle	
Ø  Sensor	pitch	
Ø  Cluster	size	
Ø  Analog/Binary	r.o.	
Ø  S/N	ratio	
Ø  Alignment	
Ø  ...	

CHAPTER 3. THE SLIM5 PROJECT

telescope resolution ætele
3 and the RMS deviation due to MS æMS. Hence the width of1188

the residuals distribution ær es is given by:1189

ær es =æDUT ©ætr k (3.2)

If the contribution of tracking resolution to the residuals is negligible with respect to1190

the DUT one, then the DUT elementary cell, strip or pixel, can be resolved (examples1191

can be found in 7.4); if not, then the residuals distribution is usually well described by1192

a Gaussian distribution. In the latter case the DUT resolution æDUT can be obtained by1193

deconvolution using Equation 3.2: æDUT ªær es ™ætr k1194

Charge sharing between neighbouring strips (or pixels) allow the formation of clusters1195

with 2 or more. Focusing on strips, when more than 1 strip fires it is important to assign to1196

the multi-strips clusters the positions that give as a result the smallest possible residuals1197

distribution, hence, the ultimate spatial resolution for the detector.1198

In [42] an excellent and complete discussion on the best algorithms to find the posi-1199

tion of particle hits is given; the influence of detector parameters (thickness, pitch, float-1200

ing strips, etc.) and of the track angle are investigated. The best algorithm for clusters of1201

2 strips is the so-called ¥ position-finding algorithm (PFA), where:1202

¥ =
SR

SR +SL
(3.3)

where SR(L) is the signal amplitude of the right (left) strip in the cluster. Using the ¥ PFA1203

the cluster position x¥ is defined as:1204

x¥
P

= f (¥)+ xL

P
(3.4)

where P is the detector pitch, xL is the center position of the left strip in the cluster1205

and f (¥) is a function that can be estimated directly on data:1206

f (¥) =

R¥
0

dN
d¥0

d¥0

R1
0

dN
d¥0

d¥0
(3.5)

under the assumption that the distribution of the number of tracks N is uniform over1207

the detector.1208

The uncertainty on the position identified using the ¥ PFA æ¥, hence the detector spa-1209

tial resolution, is about the detector pitch P divided by the signal (S) over noise (N) ratio:1210

æ¥

P
ª N

S
(3.6)

The¥ algorithm is the optimal one for tracks at normal incidence or impinging at small1211

angles. Despite it was used for the analysis of striplets data the width of residuals was1212

much larger than expectations, about 16 µm with respect to ª14 µm that is the expected1213

value for hits formed by just 1 strip. The reason for this poor resolution was investigated1214

and the results are discussed in what follows.1215

3about the intrinsic resolution of each telescope plane divided by the square root of the number of tele-
scope planes

45
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The	basics:	p-n	junction	in	reverse	bias	

V	

U(t)	

A	solid	state	ionization	chamber	
	
Signal	 given	by	 the	drift	 of	 charges	 (electrons	 and	holes)	 under	 the	 effect	 of	 the	
electric	field		
	
The	signal	is	then	amplified	and	shaped	
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n-doped	region	

p-doped	region	
depletion	zone	

Silicon	doped	with		
group	V	element	(e.g.	P)		

Silicon	doped	with		
group	III	element	(e.g.	B)		

CHAPTER 2. SILICON DETECTORS FOR HIGH ENERGY PHYSICS

n +N°
a = p +N+

d , (2.4)

where N°(+)
a(d) represent the charge density of ionised acceptors (donors) respectively.486

At room temperature dopants are normally ionised so it is safe to assume that N°
a ' Na487

and N+
d ' Nd , hence n°p = Nd °Na . From charge neutrality and mass action law it can be488

easily shown that for an n-type semiconductor the concentration of electrons n is equal489

to that of the donor dopants Nd to a very good level; with the same reasoning in a p-type490

semiconductor the concentration of holes p is equal to that of the acceptor dopants Na .491

The Fermi level for the intrinsic semiconductor Ei lies very close to the middle of the492

bandgap. When impurity atoms are introduced, the Fermi level must adjust itself to pre-493

serve charge neutrality. We assert that the in an n-type semiconductor where the donors494

concentration is Nd the Fermi level at temperature T is:495

EF = EC °kT ln
≥ Nc

Nd

¥
(2.5)

where Nc is the effective density of states in the conduction band. Similarly, in a p-type496

semiconductor where the acceptors concentration is Na the Fermi level at temperature T497

is:498

EF = EV +kT ln
≥Nv

Na

¥
(2.6)

where Nv is the effective density of states in the valence band.499

The Equations 2.5 and 2.6 can be expressed also as a function of the electrons and500

holes thermal equilibrium concentration n, p, and the intrinsic carrier concentration ni ,501

to evaluate the distance of the Fermi level EF from the intrinsic value Ei in an extrinsic502

semiconductor:503

EF = Ei +kT ln
≥ n

ni

¥
(2.7)

EF = Ei °kT ln
≥ p

ni

¥
(2.8)

2.1.3 Carrier Transport in Semiconductors and Continuity Equations504

So far only semiconductors in equilibrium have been considered. We will now deal with505

semiconductors out of equilibrium through the application of an external voltage or be-506

cause hit by light. These conditions will lead to an inhomogeneous distribution of charge507

carriers that we will describe through the continuity equations. But before getting to the508

continuity equations let’s review very briefly the mechanisms of transport of the carriers,509

the drift and the diffusion.510

If an electric field is present the charge carriers will be accelerated in between random
collisions with the lattice (the typical time between collisions øc is of about 10°12 s), in a
direction determined by the electric field and a net average drift velocity will be obtained,
equal to:

~vn = °qøc

mn
~E = °µn~E (2.9)

~vp =
qøc

mp
~E =µp~E (2.10)

16



Silicon	p-n	junction	in	reverse	bias	
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Some of the Silicon properties that are relevant for high energy physics applications are644

summarised in Table 2.1.645

Table 2.1: Summary of silicon properties relevant for high energy physics applications [28].

Silicon

Feature Value Comments

Density Ω 2.33 g/cm3 compact and thin detectors
Energy bandgap Eg 1.12 eV non-cryogenic operation
Mean ionisation energy ≤ 3.6 eV large signals
Radiation length X0 9.37 cm thin detectors to minimize

multiple scattering
Electron mobility µe ª1350 cm2V/s fast charge collection
Saturation velocity vsat ª107 cm/s fast charge collection

Other important characteristics that can explain the success of silicon are its large646

abundance, the possibility of changing its properties by doping, the existence of a natural647

oxide, and thanks to its stiffness it does not a container, in contrast to gases [34].648

2.4 Silicon Detectors649

We now focus on Silicon ionising particle detectors. They are all based on depleted p °n650

junctions. We will first review the formation of signals and then the different detectors651

that were and are used in high energy physics, in particular those relevant to this report.652

2.4.1 Signal Formation653

A charged particle traversing the silicon sensor bulk produces electron holes pairs with a654

most probable value (MPV) of 80 pairs per µm (the energy loss probability distribution is655

described by the Landau distribution [37]). Because of the sensor’s reverse polarization,656

the created charge carriers drift toward the sensor electrodes under the influence of the657

electric field present in the depleted region. This movement of the charge carriers in the658

electric field induces signals on the readout electrodes. To calculate the induced signal659

on the electrodes by the charge carriers drift the Shockley-Ramo theorem [38–40] can be660

used. The theorem states that the current i on an electrode induced by a moving point661

charge q is given by:662

i (t ) = q~v ·~Ew (~r ) (2.31)

where ~v is the instantaneous velocity of charge q . ~Ew is the electric field that would exist663

at the instantaneous position ~r of q under the following circumstances: the selected elec-664

trode at unit potential, all other electrodes at zero potential and all charges removed. ~Ew665

is called Ramo field or weighting field.666

The sum of all the induced currents gives the total instantaneous current I(t ):667

I(t ) =
X

i (t ) =
X

q~Ew (~r ) ·~ve,h(t ,~r ) (2.32)

where the carrier drift velocity is the product of the drift electric field ~E(~r ) with the carrier668

mobility µe,h :669

~ve,h(t ,~r ) =µe,h(~E,T)~E(~r ) (2.33)
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Why	Silicon?	

CHAPTER 2. SILICON DETECTORS FOR HIGH ENERGY PHYSICS

M. Krammer, Praktikum 2010/11! Silicon Detectors! 14!

2.5 The p-n Junction 
Creating a p-n junction!

At the interface of an n-type and p-type semiconductor the difference in the fermi 
levels cause diffusion of surplus carries to the other material until thermal equilibrium 
is reached. At this point the fermi level is equal. The remaining ions create a space 
charge and an electric field stopping further diffusion.!
The stable space charge region is free of charge carries and is called the depletion 
zone.!
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2.5 The p-n Junction 
Creating a p-n junction!

At the interface of an n-type and p-type semiconductor the difference in the fermi 
levels cause diffusion of surplus carries to the other material until thermal equilibrium 
is reached. At this point the fermi level is equal. The remaining ions create a space 
charge and an electric field stopping further diffusion.!
The stable space charge region is free of charge carries and is called the depletion 
zone.!

Figure 2.9: P-n junction formation. (Left) Two oppositely doped semiconductors are compared.
(Rigth) The p-n junction is formed. (After [31]).

doped than the other one2. The heavily doped side is usually indicated with a +, hence560

we will talk of p+°n and n+° p junctions. In Figure 2.10 the charge distribution of an561

abrupt asymmetric n+° p junction is depicted; the dopant concentration, the resulting562

bulk effective doping concentration and the bulk thickness are indicated too.563

z 

ρ 

qNd 

-qNa~-qNeff 

w 

0 

Figure 2.10: Charge distribution in an abrupt asymmetric n+°p junction.

To estimate the voltage needed to completely deplete the junction bulk we introduce564

the concept of effective doping concentration Ne f f :565

Ne f f = Nd °Na (2.21)

which will reduce to simply Nd for p+°n junctions and °Na for n+°p junctions. By inte-566

grating twice the Poisson’s equation over the semiconductor thickness we get the voltage567

needed to achieve the complete depletion of the junction volume, the so-called depletion568

2The way in which these junctions are fabricated is beyond the scope of this report
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Abrupt	p-n		
junction	

n-on-p	
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Figure 2.11: Electric field profiles in an abrupt asymmetric n+°p junction. A doping profile like
the one reported in Figure 2.10 is assumed. Electric field profile (left) at depletion voltage; (right)
in over depletion.

C =
A≤0≤sc

w

s
Vdepl

V
= A

s
qNe f f ≤0≤sc

2
1
V

(2.27)

where A is the surface of the p °n junction. Equation 2.27 is used to extract the depletion604

voltage Vdepl and the effective doping concentration Ne f f in real p ° n junctions. An605

example of a C°2 vs V plot for an n °on °p diode is shown in Figure 2.12.606
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Figure 2.12: C°2 vs V of a 285 µm thick n °on °p diode.

The bulk depletion corresponds to a linear increase of C°2, up to a “kink”, after which607

the capacitance C is basically constant. The voltage at which the “kink” happens is a good608

estimate of the depletion voltage Vdepl .609

The depleted region of a p °n junction is out of equilibrium; in particular, since pn <610

n2
i , in the depleted region the generation process is dominant over recombination. Ther-611

mally generated electron-hole paris are separated by the electric field and so they cannot612

recombine. A net flow of current appears, carriers will be collected at the ends of the semi-613

conductor volume. If we assume a constant generation rate G the generated current for a614

depleted semiconductor of area A and thickness w is equal to:615

Ileak =
qw A

2
G (2.28)
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Figure 2.11: Electric field profiles in an abrupt asymmetric n+°p junction. A doping profile like
the one reported in Figure 2.10 is assumed. Electric field profile (left) at depletion voltage; (right)
in over depletion.
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Figure 2.12: C°2 vs V of a 285 µm thick n °on °p diode.

The bulk depletion corresponds to a linear increase of C°2, up to a “kink”, after which607
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estimate of the depletion voltage Vdepl .609

The depleted region of a p °n junction is out of equilibrium; in particular, since pn <610

n2
i , in the depleted region the generation process is dominant over recombination. Ther-611

mally generated electron-hole paris are separated by the electric field and so they cannot612

recombine. A net flow of current appears, carriers will be collected at the ends of the semi-613

conductor volume. If we assume a constant generation rate G the generated current for a614

depleted semiconductor of area A and thickness w is equal to:615

Ileak =
qw A

2
G (2.28)
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Vdepl	

Reverse	polarisation		
=>	Depletion	voltage	Vdepl		
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Figure 2.11: Electric field profiles in an abrupt asymmetric n+°p junction. A doping profile like
the one reported in Figure 2.10 is assumed. Electric field profile (left) at depletion voltage; (right)
in over depletion.
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where A is the surface of the p °n junction. Equation 2.27 is used to extract the depletion604

voltage Vdepl and the effective doping concentration Ne f f in real p ° n junctions. An605

example of a C°2 vs V plot for an n °on °p diode is shown in Figure 2.12.606

 [V]biasV
0 20 40 60 80 100

]
-2

 [F
-2 C

0

20

40

60

80

100

2110×
m thik n-on-p diodeµ vs V, 285 -2C

W6, 1 GR

Figure 2.12: C°2 vs V of a 285 µm thick n °on °p diode.

The bulk depletion corresponds to a linear increase of C°2, up to a “kink”, after which607

the capacitance C is basically constant. The voltage at which the “kink” happens is a good608

estimate of the depletion voltage Vdepl .609

The depleted region of a p °n junction is out of equilibrium; in particular, since pn <610

n2
i , in the depleted region the generation process is dominant over recombination. Ther-611

mally generated electron-hole paris are separated by the electric field and so they cannot612

recombine. A net flow of current appears, carriers will be collected at the ends of the semi-613

conductor volume. If we assume a constant generation rate G the generated current for a614

depleted semiconductor of area A and thickness w is equal to:615

Ileak =
qw A

2
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21

Electric	field	

Depleted	bulk		
=	

sensitive	volume	
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Figure 2.13: Leakage current as a function of reverse bias voltage for a pixel detector. See [7, 36].

The subscript leak in Equation 2.28 stands for leakage: the current resulting from ther-616

mally generated carriers in the depleted region is dubbed as leakage current.617

Equation 2.28 can be rewritten introducing the concept of generation lifetime øg =618

ni /G:619

Ileak =
qni w A

2øg
(2.29)

Nowadays Silicon material for ionising particle detectors can reach generation lifetimes620

øg up to 1 s, for a current density J of few pA/cm2.621

The leakage current of a depleted p °n junction depends quite strongly on tempera-622

ture: leakage current roughly doubles every seven degrees. The formula relating leakage623

current at different temperatures is the following:624

I(T)
I(T0)

=
T2

T2
0

exp
h
° Ea

2k

≥ 1
T
° 1

T0

¥i
(2.30)

where Ea is the equivalent of an activation energy (the experimental value of Ea for Silicon625

is ª1.21 eV [35]) and k the Boltzmann constant.626

In Figure 2.13 the measured leakage current as a function of reverse bias voltage for627

a pixel detector. The pixels sensor was an n ° on ° p, 200 µm thick; the measurement628

was taken at room temperature. From Figure 2.13 it can be seen that a kind of plateau629

in the current is reached between 20 and 80 V; after that voltage the increase in current630

is huge. Indeed around 80 V an avalanche breakdown occurred. If an electron or hole is631

created in, or moved into, a high-field region inside a semiconductor, it may be acceler-632

ated strongly enough in between collisions to obtain sufficient energy for the creation of633

an electron-hole pair: an avalanche may thereafter develop [28]. Fields higher or of the634

order of 3£105 V/cm trigger a multiplication regime that gives rise to a breakdown. The635

voltage at which the phenomenon occurs is called breakdown voltage.636

2.3 Why Use Silicon637

Let’s know focus only on Silicon. Silicon detectors replaced the gas based detectors in the638

tracking systems, since they offer a much better position information and an improved639

energy resolution. The reasons for this are to be found in the large density of silicon at640

room temperature, in the relatively low mean ionisation energy and in the possibility of641

use photolithography to realise charge collecting electrodes. These three characteristics642

allow to have large signals with a small active thickness and excellent spatial resolution.643
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Leakage	current	
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Figure 2.13: Leakage current as a function of reverse bias voltage for a pixel detector. See [7, 36].

The subscript leak in Equation 2.28 stands for leakage: the current resulting from ther-616

mally generated carriers in the depleted region is dubbed as leakage current.617

Equation 2.28 can be rewritten introducing the concept of generation lifetime øg =618

ni /G:619

Ileak =
qni w A

2øg
(2.29)

Nowadays Silicon material for ionising particle detectors can reach generation lifetimes620

øg up to 1 s, for a current density J of few pA/cm2.621

The leakage current of a depleted p °n junction depends quite strongly on tempera-622

ture: leakage current roughly doubles every seven degrees. The formula relating leakage623

current at different temperatures is the following:624

I(T)
I(T0)

=
T2

T2
0

exp
h
° Ea

2k

≥ 1
T
° 1

T0

¥i
(2.30)

where Ea is the equivalent of an activation energy (the experimental value of Ea for Silicon625

is ª1.21 eV [35]) and k the Boltzmann constant.626

In Figure 2.13 the measured leakage current as a function of reverse bias voltage for627

a pixel detector. The pixels sensor was an n ° on ° p, 200 µm thick; the measurement628

was taken at room temperature. From Figure 2.13 it can be seen that a kind of plateau629

in the current is reached between 20 and 80 V; after that voltage the increase in current630

is huge. Indeed around 80 V an avalanche breakdown occurred. If an electron or hole is631

created in, or moved into, a high-field region inside a semiconductor, it may be acceler-632

ated strongly enough in between collisions to obtain sufficient energy for the creation of633

an electron-hole pair: an avalanche may thereafter develop [28]. Fields higher or of the634

order of 3£105 V/cm trigger a multiplication regime that gives rise to a breakdown. The635

voltage at which the phenomenon occurs is called breakdown voltage.636

2.3 Why Use Silicon637

Let’s know focus only on Silicon. Silicon detectors replaced the gas based detectors in the638

tracking systems, since they offer a much better position information and an improved639

energy resolution. The reasons for this are to be found in the large density of silicon at640

room temperature, in the relatively low mean ionisation energy and in the possibility of641

use photolithography to realise charge collecting electrodes. These three characteristics642

allow to have large signals with a small active thickness and excellent spatial resolution.643
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A carrier that completes its path to the collecting electrode by moving from the position ~ri670

where it was created to the final (electrode) position ~r f induces the total charge Q given by671

the Ramo theorem, where Vw (~r ) represents the weighting (or Ramo) potential evaluated672

at the position ~r :673

Q = °q
°
Vw (~r f )°Vw (~ri )

¢
(2.34)

The relation between the weighting potential and field is of course:674

~Ew = °rVw (2.35)

A carrier q that is produced at position ~ri and trapped at position ~r f , before reaching675

the electrode, induces a smaller charge Q on the electrode by the same formula (carrier676

trapping will be presented in detail in Section 2.5.4). It has to be noticed that both trapped677

electrons and trapped holes reduce the final signal amplitude.678

2.4.2 Pad detectors679

We now consider p °n junction diodes. A single p-n diode in reverse bias is the simplest680

silicon radiation detector; often it is called pad diode. Ionising particles interacting with681

the detector material produce electrons and holes in the depleted bulk volume; those682

carriers drift toward the collecting electrodes which are placed at the edge of the detector683

p °n junction. To ensure a good ohmic contact heavily doped implants are present on684

both sides of the detector. In Figure 2.14 the schematic representation of a n-on-p pad685

diode silicon detector is shown. External voltage to ensure sensor bulk depletion is also686

indicated.687
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3.1 Microstrip Detector  
DC coupled strip detector!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 23!

!  p+n junction:  
Na ≈ 1015 cm-3, Nd ≈ 1–5·1012 cm-3!

!  n-type bulk: ! > 2 k#cm 
" thickness 300 µm !

!  Operating voltage < 200 V.!
!  n+ layer on backplane to improve 

ohmic contact!
!  Aluminum metallization !

Through going charged particles create e-h+ pairs in the depletion zone (about 
30.000 pairs in standard detector thickness). These charges drift to the electrodes. 
The drift (current) creates the signal which is amplified by an amplifier connected 
to each strip. From the signals on the individual strips the position of the through 
going particle is deduced. !
!
A typical n-type Si strip detector:!
!

Figure 2.14: Silicon pad detector. Detector polarisation and carrier drift due to ionising particles
is indicated too. The symbol on top of the n+ implant is used to indicate the readout electronics.

The size of pad detectors varies between few mm2 to few cm2, including Guard Rings688

(GRs). GRs, placed all around the pad area, can help to improve the voltage-handling689

capability, since they act as a voltage divider, assuring a smooth transition of the voltage690

drop between one side and the other of the junction. Normally in pad diodes signals are691

read-out only from one side of the junction; it is customary to call that side as frontside,692

the other being the backside. For example, in Figure 2.14 the frontside is the n+ one.693

The pad side from which the depletion volume grows is called junction side; the other694

one is indicated as the ohmic side.695

2.4.3 Microstrip detectors696

The spatial resolution of pad detectors is roughly the size of the pad itself. It can be greatly697

improved by segmenting the electrodes, just one of them or both. Historically the first seg-698

mented silicon detector for high energy physics purpose was created by aluminum strips699
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Simplest	silicon	sensors:	the	pad	diode	
A	single	p-n	diode	in	reverse	bias	is	the	
simplest	silicon	radiation	detector	
Often	it	is	called	pad	diode	
	
The	size	varies	between	few	mm2	to	few	cm2	
	
Guard	Rings	(GRs)	assure	a	smooth	transition	
between	the	High	Voltage	(HV)	and	the	
Ground	(GND)	potential	

N-on-p	production	

GRs	

Central	openings	in	the	aluminium	layer	for	
visible/IR	photon	detection	

18	M.	Bomben	-	Silicon	Trackers		for	High	Luminosity	Colliders	-	26/03/2018	



Position	measurement:	Double-sided	microstrip	detectors	(DSSD)	

Single	sided	detector	measures	only	one	coordinate.	To	
measure	second	coordinate	requires	second	detector	
layer	
	
Double	sided	strip	detector	measures	two	
coordinates	in	one	detector	layer	(minimizes	material)	
	
In	n-type	detector	the	n+	backside	becomes	segmented,	
e.g.	strips	orthogonal	to	p+	strips	
	
Drawback:	expensive	as	production,	handling,		
and	tests	are	more	complicated,	and	ambiguities!	
	

Scheme	 of	 a	 double	 sided	 strip	 detector	
(biasing	structures	not	shown):	

19	M.	Bomben	-	Silicon	Trackers		for	High	Luminosity	Colliders	-	26/03/2018	
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Hybrid	Pixel	Detectors	
HPD:	Typical	size	is	(50-400)	µm	x	50	µm	
	
If	signal	pulse	height	is	not	recorded,	resolution	is	the	digital	resolution:	σ=p/√12	

	e.g.	σ	=	14	µm	for	p	=	50	µm	
Reminder:	better	resolution	is	achieved	with	analogue	readout	
	
Small	pixel	area	è	low	detector	capacitance	(~	few	fF/pixel)	è	large	SNR	(>>	10)	
Small	pixel	volume	è low	leakage	current	(~	few	pA/pixel)	
	
	
Drawbacks	of	HPD:	large	number	of	readout	channels	

	DSSD	~	2n	
	HPD			~	n2	

Large	number	of	electrical	connections	in	case	of	HPD	
Large	power	consumptions	of	electronics	
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S.L.	Shapiro	et	al.,	Si	PIN	Diode	Array	Hybrids	for	
Charged	Particle	Detection,	Nucl.	Instr.	Meth.	A	275,	
580	(1989)	

Originally	in	planar	
technology;	now	3D	too	



Sensor	and	electronics	together:	CMOS	MAPS	
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PRE	 SHAPER	 DISC	 LATCH	

Developed	for	imaging	applications	
Several	reasons	make	them	very	appealing	as	tracking	devices	:	
Ø  detector	&	readout	on	the	same	substrate	
Ø  wafer	can	be	thinned	down	to	few	tens	of	µm	
Ø  radiation	hardness	(oxide	~nm	thick)	(now	HV/HR	developments)	
Ø  Fabrication	costs	

Important:	maximize	fill	factor	
(area	of	collecting	n-well	over	

total	sensor	area)	

Sensor	and	electronics	together:	CMOS	MAPS	
L.	Ratti,	IEEE	Trans.	Nucl.	Sci.	NS-53	(6)	(2006)	3918	

M.	Bomben	-	Silicon	Trackers		for	High	Luminosity	Colliders	-	26/03/2018	 23	

PRE	 SHAPER	 DISC	 LATCH	

Developed	for	imaging	applications	
Several	reasons	make	them	very	appealing	as	tracking	devices	:	
Ø  detector	&	readout	on	the	same	substrate	
Ø  wafer	can	be	thinned	down	to	few	tens	of	µm	
Ø  radiation	hardness	(oxide	~nm	thick)	(now	HV/HR	developments)	
Ø  Fabrication	costs	

Important:	maximize	fill	factor	
(area	of	collecting	n-well	over	
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SLIM5:	SILICON	SENSORS	FOR	HIGH	
LUMINOSITY	E+E-	COLLIDER	
EXPERIMENTS	
	

Silicon	detectors	with	Low	Interaction	with	Material	
http://www.pi.infn.it/slim5	
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SLIM5	–	the	project	
•  The	SLIM5	project:	advance	the	state-of-the-art	of	thin	tracking	systems	

for	high	luminosity	e+e-	colliders	
•  Goal:	deliver	thin	and	intelligent	(self-triggering/data-driven)	silicon	

tracking	detectors	for	experiments	at	Super	Flavour	Factories	(SFF)	and	
Linear	Collider	(LC)	

•  Typical	specifications:	
1.  Space	point	resolution	of	10	µm	
2.  Material	budget	below	1%	of	X0	
3.  Measure	pT	<	100	MeV/c	
4.  Impact	parameter	resolution	of	the	order	of:		

•  Two	detector	concepts	were	investigated:		
•  Double	sides	strip	detectors	(DSSDs),	and		
•  Monolithic	active	pixel	sensor	(MAPS)		

M.	Bomben	-	Silicon	Trackers		for	High	Luminosity	Colliders	-	26/03/2018	 23	
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The ILC Vertex Detector requirements Auguste Besson

Figure 1: ILD and SiD schemes of the vertex detector

(conical and annular) in the forward regions. One challenge consists in minimizing the material
budget with a low mass support.

The vertex detector itself will be made of 5 short barrels of silicon pixels (with a radius from
R = 14 mm to R = 60 mm and with a length of |Z| = 63mm). The barrel will be complemented by
4 disks at short distance and 3 disks further (cf. fig.1).

2.2 ILD tracking and vertexing system

The ILD is designed with a long barrel and endcap disks surrounded by a 3.5 Tesla magnetic
field. The main tracker consist of a TPC in order to optimize particle separation, pattern recognition
(thanks to a large number of hits) and to allow dE/dx measurement capabilities. The TPC is
surrounded by intermediate silicon detectors in the central (SIT, SET) and the forward (ETD, FTD)
regions in order to improve the tracking resolution, the calibration and the alignment. In addition,
it makes the linking between the tracks and the calorimeter clusters much easier. Furthermore, it
will allow the time stamping of the tracks. Besides the resolution and the read-out, the challenges
of the R & D consist in maintaining the material budget small, minimize the power consumption
and building a push pull compatible tracking system.

The long barrel approach guides also the vertex detector design. The main option consists in
3 double sided ladders (radius from R = 16 mm to R = 60 mm) in order to optimize the material
budget with respect to self alignment and stand alone tracking capabilities. The inner ladder will
be shorter (|Z| = 62.5mm) but the two outer ladders will cover a larger polar angle (|Z| = 125mm).
Another option, with 5 single sided layers in order to minimize the material budget is also being
considered.

3. The ILC vertex detector challenges

The challenge of the ILC vertex detector can be summarized with a question: how to design
a detector able to sustain the expected occupancy while maintaining the performances in terms

4

Figure 3.3: ILD and SiD schemes of the vertex detector (After [73])

plete and extensive Higgs physics program covering mass, couplings to fermions and1025

bosons, quantum numbers and total width measurements. The expected level of pre-1026

cision for the majority of them will reach the percent level and will allow probing physics1027

BSM [73].1028

To accomplish this ambitious physics program stringent requirements are imposed1029

on tracking and vertexing performances (these requirements did not change much over a1030

decade [73,74]). The figure of merit of the future ILC vertex detector is the impact param-1031

eter (ip) resolution which is expected to be:1032

æi p = 5µm© 10
pØ(sinµ)3/2 µm (3.1)

when the momentum p is expressed in GeV/c (µ is the track angle with respect to the1033

beam axis; see also Section 1.4).1034

This condition demands then for: a space-point resolution of about 3 µm (hence a1035

pitch of less than 20 µm; a material budget per layer of about 0.1% of X0; capabilities of1036

performant tracking down to pT of 100 MeV/c and even less.1037

The vertexing systems proposed by the two concept groups are both built around a1038

central part based on pixel detectors; a comparison of ILD and SiD proposed solutions is1039

presented in Figure 3.3. SiD features 5 pixel barrel layers and a total of 7 pixel disk layers1040

per side; ILD plans for 3 double sided ladders plus , a system of pixels and strips disks in1041

the forward region.1042

For both vertexing detectors pixels with integrated readout (at least partial) are promis-1043

ing solutions, like CMOS MAPS, DEPFET, etc. They will assure the needed small pitch and1044

the low material budget (example: [75]).1045

In Summary, for the experiment at the future ILC a vertex detector with a space point1046

resolution of 3 µm, a material budget per layer of about 0.1% of X0 and the possibility of1047

tracking down to pT of 100 MeV/c and even less are needed.1048
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SLIM5	silicon	sensors	

•  CMOS	MAPS	
•  Read	out	up	to	40	MHz	
•  Thinned	down	to	100	µm	
•  50	x	50	µm2	pitch	pixel	cells	
•  Fill	factor	~	90%	
•  Data	sparsification:	4x4	macro	

pixels	(MP)	+	periphery	logic	

•  200	µm	thick	double	sided	strip	
detector:	thinner	to	reduce	
multiple	scattering	effect	
(0.2%X0	)	

•  50	µm	pitch	strips,	tilted	by	45o:	
less	occupancy	per	channel	for	
the	same	area	

•  Data-driven	readout	chip:	data	
sent	out	only	if	above	threshold	

	
	

STRIPLETS	

Nucl.	Instr.	Meth.	A	623	(2010)	942-953		
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SLIM5	testbeam	

beam	

striplets	

MAPS	

Efficiency	>	98.5%	

Nucl.	Instr.	Meth.	A	623	(2010)	942-953		
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2008,	CERN	PS	
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Readout chip: FSSR2

● Fermilab Silicon Strip Readout chip v2
– The chip has been developed by an INFN Pavia  & 

Bergamo and Fermilab for the BTeV strip detectors
● 128 analog channels, with address and time  

information for all hits
● Self-triggered readout architecture, 

with digital output only
● Read out up to 70 MHz

– Operated at 20 MHz

Figure 3.6: Annotated picture of the FSSR2 chip with input pads at the top. (Adapted from [77])

In Figure 3.7 a striplet detector module is shown. One striplet sensor was read out by1114

3 FSSR2 chips per side, for a total of 384 wirebonded channels on each side.

30/09/2009 M. Bomben, Univ. & INFN-TS - Slim5 striplet detectors - SIF09, Bari 8

Assembled striplet module

Striplet sensor

Fanout circuit
 (Aluminum  traces on quartz)

Hybrid with 3 FSSR2 chips

Figure 3.7: Annotated picture of an assembled striplet module. The sensor, the fanout circuit and
the readout card, hosting 3 FSSR2 chips, are visible.

1115

3.5 Performance of SLIM5 Detectors1116

To fully test the detector prototypes a demonstrator was built [5] and put on beam at the1117

T9 facility of the CERN PS in September 2008.1118

3.5.1 The experimental set-up1119

At T9 facility of the CERN PS protons of 12 GeV/c, with spills of 400 ms and typically1120

from 104 to 106 particles/spill, where impinging on the demonstrator, which was set-up1121

as shown if Figure 3.8.1122
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30/09/2009 M. Bomben, Univ. & INFN-TS - Slim5 striplet detectors - SIF09, Bari 12

Test beam layout

BEAM

TELESCOPE

TELESCOPE

STRIPLET

STRIPLET

L0 L1

L2 L3

MAPS

Figure 3.8: (left)The SLIM5 Beam Test Setup. (right)Picture of the SLIM5 demonstrator at the T9
facility of the CERN PS in September 2008. The telescope, 2 striplets modules and one Apseld4D
are visible.

For the reference telescope four 2 £ 2 cm2 DSSDs were used; the strips where AC-1123

coupled, with 25 (50) µm pitch on p ° (n°)side. The readout pitch was the same (50 µm)1124

for both sides, as the telescope modules too were readout by the FSSR2 chip. One pair1125

was positioned upstream and the other downstream of the devices under test (DUTs).1126

The scintillators (S1, S2 and S3) were used for trigger studies.1127

3.5.2 Apsel4D Results1128

Two Apsel4Ds were studied, one having with nominal thickness (300 µm) and the other1129

thinned down to 100 µm only. The maximum efficiency was observed for the thinned1130

chip; at the lowest threshold (400 e, about 40% of a MIP signal) it reached 92%, which1131

roughly corresponds to the Apseld4D fill factor. Efficiency vs threshold results for Apsel4D1132

are shown in Figure 3.91133

Figure 3.9: (left)Efficiency results for two MAPS detectors, taken from a single threshold scan. The
statistical uncertainty on each point is smaller than the size of the plotting symbol. The point of
low efficiency at the lowest threshold was probably due to temperature fluctuations during the
measurements.(right) MAPS hit efficiencies measured as a function of position within the pixel.
The picture, which is not to scale, represents a single pixel divided into nine sub-cells. The values
are the efficiencies obtained in each sub-cell after taking into account track migration among cells.
The uncertainties include the statistical uncertainty plus a systematic contribution coming from
the track migration.

The efficiency within the Apsel4D pixel cell was performed; given the tracking resolu-1134
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12	GeV/c	protons	



SLIM5	striplets	performance:	resolution	
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Xhit-Xtrk (cm) 

Observed	resolution	~	16.6	µm	
50	µm	r.o.	pitch	=>		
Expected	width	~	pitch/sqrt(12)	~	14.4	µm		
Why	such	poor	performance?		



Striplets	front	end	and	spatial	resolution	
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Readout chip: FSSR2

● Fermilab Silicon Strip Readout chip v2
– The chip has been developed by an INFN Pavia  & 

Bergamo and Fermilab for the BTeV strip detectors
● 128 analog channels, with address and time  

information for all hits
● Self-triggered readout architecture, 

with digital output only
● Read out up to 70 MHz

– Operated at 20 MHz
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tion of about 7 µm the Apsel4D pixel cell was divided in a 3 £ 3 matrix. The results are1135

reported in Figure 3.91136

One observes a significant variation of sensibility within the pixel area, as expected.1137

In particular, the central region is seen to be virtually 100% efficient, while the upper part1138

of the pixel, especially the upper right-hand sub-cell, shows lower efficiency due to the1139

presence of competitive n-wells.1140

The measured intrinsic hit resolution was about 14µm for the X-coordinate and slightly1141

better for the Y-coordinate: a modest improvement with respect to the single pixel hit res-1142

olution of 50 µ/
p

12=14.4 µm, mainly due to the absence of analog information and to1143

the modest fraction of clusters of two or more pixels.1144

3.5.3 Striplets Results1145

The results from the beam test of a striplet module are outlined in this Section; in the1146

following one a discussion on the impact of threshold on residuals will be presented.1147

We have evaluated the input noise charge by measuring the fraction of hits over thresh-1148

old as a function of the input charge at a given discriminator threshold. The results of the1149

calibrations are summarised in Table 3.1.1150

Table 3.1: Calibration results for the striplet detectors.

Side p n

Noise (e) 630 1020
S/N 25 16

Gain (mV/fC) 96 67
Threshold (e) 4400 6300

Thr.Dis. (e) 880 780

Cluster of strips were created by grouping neighbouring strips that have fired. The1151

charge pulse height distribution of clusters are shown in Figure 3.10.

Figure 3.10: Cluster pulse height distribution for a striplet module. (left) p° side; (right) n°side.
Data is fitted with a Landau function.

1152

The fitted MPV was found to be well compatible with the expected value for a MIP1153

in 200 µm thick silicon detector. The region above 100 threshold DAC for the n°side1154

was severely impacted by the limited dynamic range of the ADC, as it can be seen in Fig-1155

ure 3.10.1156
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Calibration	results	for	striplets	
during	the	testbeam	

Signal/Thresh.	(S/T)	3.6							2.5	
Ø  FSSR2	originally	developed	for	BTeV	experiment	
Ø  Intended	for	p-on-n	detector	=>	not	optimized	

for	ohmic	side	readout	(limited	dynamic	range)	
Ø  Completely	datad-driven	thanks	to	
Ø  8	programmable	threshold	
Ø  1st	one	active	as	a	hit/no-hit	discriminator	=>	

zero	suppression	mode	
Ø  For	n-side	of	striplets	only	binary	information	

available	

Hypothesis	
•  Due	to	marginal	S/T	small	hits	are	

below	threshold	
•  True	clusters	of	2	strips	

reconstructed	as	1	strip	only	
•  Average	error	on	position	~	Pitch/2				IEEE	Trans.	Nucl.	Sci.	53	(2006)	2470–2476	



Striplets	residuals:	“double	peak”effect	
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Xhit-Xtrk (cm) 

Cl. PH < 6600 e 
Selecting	clusters	

with	P.H.		
less	than	40%	of	

MPV	

“Outlier”	Gaussian	

“Double	peak”	Gaussian	

25	µm	

46%	
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3.6.2 Striplets Residuals and the Effect of Thresholds1216

In Figure 3.12 the residuals distribution for hits registered on the p°side of a striplet mod-1217

ule is presented. The width of the fitted Gaussian is about 16 µm.1218

Xhit-Xtrk (cm) 

Figure 3.12: Residuals distribution for hits registered on the p°side of a striplets module. Points
are data, the red line is the result of a Gaussian fit to the distribution.

More than 82% of the analysed clusters contained just 1 strip when particles where1219

impinging at normal incidence; 16% of the total had 2 strips. Hence the expected resid-1220

uals width when all clusters are analysed together should have been slightly smaller than1221

50/
p

12 º 14.4µm.1222

The reason for the poor performance was found to be related to the high hit/no hit1223

threshold set on the FSSR2 chip. In case of asymmetric charge sharing between two strips1224

one of the two can have a signal that is below threshold, hence a true cluster of 2 strips is1225

reconstructed as one with a single strip. In this case the cluster position is assigned to the1226

center of the only strip whose signal is above threshold, so, on average, the error made in1227

position assignment is about half of the pitch, i.e. 25 µm.1228

To confirm the hypothesis clusters with charge about or less than a third (6600 e) the1229

one expected for a MIP where studied; the residuals distribution for these clusters is show1230

in Figure 3.13.Two peaks around P/2 º 25µm are clearly visible: they correspond to the1231

aforementioned true 2 strips clusters reconstructed as 1 strip only hit.1232

The residuals distribution was then fitted with a function containing three compo-1233

nents: a core Gaussian, to model correctly reconstructed clusters; a double guassian, with1234

mean fixed at ±25µm, to model the mis-reconstructed 2 strips clusters; and finally an1235

outlier Gaussian, with mean fixed at 0 µm, to take into account spurious hits [62]. The1236

probability density function (PDF) as a function of the residual value x was:1237

f (x) = fSS(x)+ (1° fS)
h

fDD(x)+ (1° fD)O(x)
i

(3.7)

where S, D and O are the core, double and outlier Gaussian, respectively, and fS,D are1238

weights constrained between 0 and 1.1239

The distribution of residuals of all clusters are shown in Figure 3.14.1240
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SLIM5	striplets	residuals	vs	incidence	angle	
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ϕ=5o	 ϕ=20o	

Ø  Larger	incidence	angle	ϕ	
		
Ø  Larger	cluster	size	
	
Ø  Less	chances	of	mis-reconstructed	

clusters	

Ø  Smaller	double	peak	contribution	

here than for the telescope detectors, accounting for about 7% of
the signal. The broad ‘‘outlier’’ component is found to be
negligible after removing bad strips.

The increase in the importance of the pair of displaced
Gaussians is due to the lower charge deposition in the striplets,
relative to the telescope modules (because the striplet modules
are thinner). Since the same threshold was used for telescope and
striplets, the probability of losing a strip under threshold is
increased for the striplets. Dedicated runs with lower thresholds
both for striplets and telescope modules confirm this effect. In
fact, in these runs the average cluster size associated to the tracks
increases as well as the number of isolated random hits.

The intrinsic resolution was obtained using Eq. (1), where
sresidual is taken as the width of the narrow Gaussian of the fit
function. We find an intrinsic resolution of 13:6mm for the
U-coordinate and 14:1mm for the V-coordinate, slightly better
than the digital resolution for a 50mm readout pitch and in
agreement with the expected values for strip detectors with
similar S/N [11]. Compared with telescope detectors the resolu-
tions are here similar for the two coordinates mainly because
there are no floating strips on the p-side. The overall resolutions
are slightly worse compared to the telescope detectors due to the
lower average cluster multiplicity, dominated by the single strip
occurrence, due to the 33% reduction in the signal and the same
FSSR2 operation thresholds. Resolutions and efficiencies were also
studied as a function of the incident track angle; while the
efficiencies are stable above 97%, the average cluster size

increases and therefore the resolutions improve considerably as
a function of the incident angle up to 303 as shown in Fig. 16. At
453 the resolution is 20% worse than the resolution at normal
incidence. This angular behaviour is in agreement with expecta-
tions [11]. At very large angles ð602703Þ one track crosses a
volume corresponding to several strips in both coordinates since
both sides strips are tilted by 7453. The expected charge
collected per strip starts to be comparable to the threshold set,
especially for the n-side. The efficiency of finding a cluster in the
expected area is in any case above 98%, although one or more
intermediate strips within the cluster may be lost.

6.7. Performance of the L1 triggers

Multiplicity or central track triggers proved to be a useful and
simple way to collect large statistics of tracks for the analysis with
minimal losses. For both trigger types we had a fixed trigger
latency of 50 ns. Observed trigger rates are shown in the two first
rows of Table 3. The first refers to the multiplicity trigger and the
second to the central trigger. Data analysis showed that the
fraction of fake triggers is less than 2 # 10$ 6 at 95% CL. Depending
on the trigger type and on the reconstruction requests, up to 95%
of the collected events have reconstructed tracks. Events without
tracks fall into three categories: events with detector noise in
several layers simultaneously, events with too many real tracks
not reconstructed offline and events with one track that had a
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with same sigma but opposite mean), and (c) a wide Gaussian,
with mean fixed at zero. Each function represents a specific class
of events. The central Gaussian (a) represents correctly
reconstructed hits. This kind of events represent more than 90%
of the total; we use the width of residual distribution to evaluate
the space-point resolution. The double-peak function
(b) represents true 2-strip cluster hits, wrongly reconstructed as
1-strip cluster; this happens because of the rather high value for
threshold: a proton hitting the sensor roughly in the middle of
two strips generates an amount of charge that is shared almost
equally by the two adjacent strips. Due to signal and noise
fluctuations, one strip could fire and the other not. This leads to an
error in the hit position of the order of 725mm. We fix the mean
of the double-peak function to this value. We find from the fit that
the 5% of the total events belong to this category. The wide
Gaussian (c) describes noise hits (and so uncorrelated in space),
and also some signal from strips close to dead channels. This kind
of event accounts for ! 3% of the total.

As said, the intrinsic resolution is obtained from the s of the
central Gaussian (a) and after the subtraction of the track
extrapolation uncertainty and multiple scattering effects, yields
13:6ð14:1Þmm for the p(n)-side, slightly better than the digital
resolution for a 50mm read out pitch; this is due to the high
fraction of clusters with 1-strip only. It is expected a slight worse
performance for n-side due to non-ideal response of FSSR2 chip
for negative input signals.

As a comparison, we estimated the full-width-half-maximum
(fwhm) of the fitted p.d.f. and its variance too. We tried also to fit
the residual with a single Gaussian function. The results are
reported in Table 2.

It is clear from the comparison that the width of a single
Gaussian is wider than the central one of the p.d.f., due to the
presence of misreconstructed hits; moreover, the fwhm (rescaled
by 2.35) matches the single-Gaussian width very well.

7. Conclusions

The Slim5 collaboration realized a double-sided microstrip
silicon detector, with reduced thickness ð200mmÞ and strips tilted
by 7451 with respect to the edge. The sensor was readout by a
data-driven fast chip, the FSSR2, used here for the first time to
read negative signals. The whole detector was one of the DUTs in a
test-beam at CERN PS-facility, in which several characteristics
were measured. We find that the detector hit-efficiency was more
than 98%, with a space-point resolution ð ! 14mmÞ better than the
digital resolution for a 50mm read out pitch.
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Table 2

Comparison for central Gaussian ðsC Þ, fwhm/2.35 and square root of variance ð
ffiffiffiffi
V
p
Þ

of p.d.f. used, and single-Gauss width ðsSÞ of residual distribution.

Side sC ðmmÞ fwhm=2:35 ðmmÞ
ffiffiffiffi
V
p
ðmmÞ sS ðmmÞ

p 15.4 16.6 18.7 16.6
n 15.9 17.3 19.6 17.2

Residuals on p side (cm)

-0.
01

Ev
en

ts
 / 

( 0
.0

00
2 

cm
 )

-0.
00

8
-0.

00
6
-0.

00
4
-0.

00
2 0

0.0
02
0.0

04
0.0

06
0.0

08 0.0
1

Residuals on n side (cm)

-0.
01
-0.

00
8
-0.

00
6
-0.

00
4
-0.

00
2 0

0.0
02
0.0

04
0.0

06
0.0

08 0.0
1

103

102

10

Ev
en

ts
 / 

( 0
.0

00
2 

cm
 )

103

102

10

Fig. 3. Residual fit for the striplets as a DUT. The two plots correspond to fitting the p-side and the n-side, respectively. Dash-dotted line represent uncorrelated clusters;
dashed represents true 2-strip clusters misreconstructed as 1-strip clusters.

M. Bomben / Nuclear Instruments and Methods in Physics Research A ] (]]]]) ]]]–]]] 3

Please cite this article as: M. Bomben, Nucl. Instr. and Meth. A (2010), doi:10.1016/j.nima.2010.02.181
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Res.	<	10	µm	
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ϕ=0o	

•  The	spatial	resolution	performance	of	the	striplets	were	severely	impacted	by	
the	sub-optimal	functioning	of	the	FFSR2	readout	chip	

•  Ultimate	resolution,	measurable	once	the	double	peak	effect	has	been	identified,	
within	the	specifications	

Ø Need	for	a	better	readout	chip,	in	terms	of	noise	and	speed	
•  Material	budget	under	control	(0.2%	X0)	

	Nucl.	Instr.	Meth.	A	623	(2010)	159	–	161	

(core	Gaussian	only)	



RADIATION	DAMAGE	MODELLING	
FOR	THE	ATLAS	PIXEL	DETECTOR	
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Current	ATLAS	detector	@	CERN	LHC	
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Radiation	damage	in	silicon:	microscopic	level	
Shockley-Read-Hall	statistics		
					(standard	theory)	

Impact	on	detector	properties	can	be	calculated	if	all	defect	parameters	are	known:	
σn,p	:	cross	sections										ΔE		:		ionization	energy																		Nt			:		concentration	
	

Trapping	(e	and	h)	
⇒	CCE	

shallow	defects	do	not	
contribute	at	room	

temperature	due	to	fast	
detrapping		

	

	charged	defects		
		⇒	Neff	,	Vdep	

e.g.	donors	in	upper	
and	acceptors	in	lower	

half	of	band	gap	

	generation	
	⇒		leakage	current	
Levels	close	to	midgap	

	most	effective	
	

M.	Moll,	
Simdet	2016	
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+	annealing...	



Radiation	damage	in	silicon	bulk	

M.	Moll	thesis,	
MPI	group	
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+	annealing...	

τtr-1=βΦ	



Defects	annealing	
Defects	annealing	includes	defects	migration,	formation	and	dissociation	
All	phenomena	depend	on	temperature	and	show	a	characteristic	time,	
the	latter	depending	on	temperature	
At	first	order	all	annealing	processes	become	quickly	negligible	below	0o	C	
Annealing	effects	on	macroscopic	observables:	
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CHAPTER 2. SILICON DETECTORS FOR HIGH ENERGY PHYSICS

Figure 2.23: Radiation induced defects in silicon influencing the effective doping concentration
Ne f f and the leakage current. P and B are the doping impurities used to fabricate the silicon p °n
junctions. CB and VB stand for conduction and valence bands, respectively. (After [55])

change in operational voltage, as they can be charged; and, the most important effect820

after �=1015 neq/cm2, the reduction of the signal amplitude, since they act as trapping821

centers. Let’s now review some details of these macroscopic effects.822

2.5.2 Leakage Current Increase823

The energy levels in the band gap caused by the crystal defects act as generation-recombination824

centers. They lead to a decrease of the generation lifetime øg , hence to an increase of the825

leakage current Ileak generated in the volume. The rate of increase of leakage current �I826

per unit of fluence � and per unit of volume V is called Æ:827

Æ =
�I
V�

(2.36)

The typical value of the normalised rate of increase of leakage current Æ right after828

irradiation is of several units of 10°17 A/cm. After irradiation the leakage current anneals829

with time as shown in Figure 2.24.830

Figure 2.24: The normalised rate of increase of leakage current Æ as function of the cumulated
annealing time. (After [51]).

The trends shown in Figure 2.24 can be parametrised for a time t at constant temper-831

ature T after an instantaneous irradiation with fluence � by [51]:832
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2.4 Radiation-Induced E�ects on Silicon 73

Fig. 2.25. Change of the full depletion voltage of a 300-µm-thick silicon sensor
and its absolute e�ective doping versus the normalized fluence, immediately after
the irradiation [93]
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Fig. 2.26. Typical annealing behavior of the irradiation-induced changes of the
e�ective doping concentration ∆Ne� at a temperature of 60�C after irradiation
with a fluence of 1.4 � 1013 cm�2 [102]

Figure 2.25: Change of the full depletion voltage of a 300 µm-thick silicon sensor and its absolute
effective doping versus the normalized fluence, immediately after the irradiation (After [56].)

first description of the phenomena of annealing for the space charge distribution in the871

irradiated bulk; we will come back on this topic in more detail in Chapter 6.872

With respect to the normalised rate of increase of leakage current Æ, where the anneal-873

ing is always beneficial (Æ is never increasing), the effective doping concentration Ne f f is874

subject to a reverse annealing too, which leads to an increase of Ne f f An example of the875

interplay of beneficial and reverse annealing on Ne f f is shown in Figure 2.26.876

Figure 2.26: Annealing behaviour of the radiation induced change in effective doping concentra-
tion �Ne f f at 60±C. The shown example is a n°type high resistivity sample, neutron-irradiated
with a fluence of 1.4£1013. (After [51])

For the effective doping or the bias voltage respectively the annealing process is sub-877

divided into two periods. The beneficial annealing period which extends roughly for the878

first 80 minutes at 60±C; after the beneficial annealing period the effective doping con-879

centration, hence the depletion voltage Vdepl , is reduced to a minimum. Afterwards, the880

reverse annealing process sets in and leads to an increase of the Vdepl , exceeding the ini-881

tial Vdepl directly after irradiation.882

2.5.3.2 Heavily Irradiated Silicon Detectors883

In the studies presented in the previous Sections the determination of the fluence and884

time dependence of the effective doping concentration Ne f f simple unstructured diodes885

were used [51] and the full depletion voltage was deduced from CV measurements (Eq. 2.27).886

This method assumes a constant space charge which is not given for highly irradiated887

sensors where the field shows a double peak [57]. This can be qualitatively explained by888

defects being filled by carriers drifting under reverse bias voltage. In a n°on°n detector889

electrons will flow toward the n+ electrode while holes toward the p+ one. So the chances890
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Therefore, an extraction of separate trap para-
meters was considered unjustified. An effective
parameterization of the form

be;hðTÞ ¼ be;hðT0Þ
T

T0

! "ke;h
ð9Þ

with ke;h universal for all particle types yielded
acceptable fits (see Fig. 3) to all data. Fit
results are listed in Table 3. This could
indicate, that the same two traps, albeit introduced
at different rates, play the dominant role in

trapping induced by neutron and charged hadron
irradiation.

3.3. Annealing of effective trapping probability

With time, defects can either decay or interact
with others to form new ones. The consequence of
this is a change in effective trapping probability,
covered by the annealing function ftðtÞ in Eq. (3).
Annealing of be;h was studied with two diodes
from wafers W339 (standard, 15 kO cm) and
W317 (oxygenated, 15 kO cm) irradiated with
neutrons to 7:5 $ 1013 cm% 2 : After the diodes
reached the minimum in VFD at room tempera-
ture, accelerated annealing was performed in steps
at 601C: Between annealing steps TCT measure-
ments were taken at T ¼ 101C: The diodes were
mounted on to the same Peltier temperature
regulator to ensure equal temperature history.
Dependence of be;h on annealing time is shown in
Fig. 4. It can be seen that, for both standard and
oxygenated material, be at 101C decreases with
time after irradiation by about 35%, while bh
increases by about 30%. An elementary model
assuming the decay of the dominant electron trap
into another stable one was evaluated and
observed to describe the annealing data correctly.
The same model, applied to the dominant hole
trap, also fits the time dependence of bh: The
relevant fit function was

be;hðtÞ ¼ b0e;he
% t=te;h þ bNe;h

ð1 % e% t=te;hÞ ð10Þ

Fig. 3. Temperature dependence of b for: (a) electrons and (b)
holes. The measured points are the average of b’s for all
measured samples.

Table 3
Parameters ke;h; determining temperature scaling of be;h; as
obtained from the fit of Eq. (9) to the measured data

ke ¼ % 0:8670:06 kh ¼ % 1:5270:07

Fig. 4. Annealing of effective trapping probability at 601C:
Measurements were taken at T ¼ 101C:

G. Kramberger et al. / Nuclear Instruments and Methods in Physics Research A 481 (2002) 297–305 303M.	Moll	thesis	 NIM	A481(2002)297–305	

Leakage	current	is	always	
decreasing	with	time/

temperature	

Operational	voltage	
decreases	at	first	(“beneficial	
annealing”)	then	it	increases	

(“reverse		annealing”)	

Trapping	constant	annealing	
is	beneficial	for	electrons	
while	shows	opposite	
behaviour	for	holes	



Electric	field	distribution	in	irradiated	silicon	
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Double	peak	effect	in	electric	field	

IEEE	TNS	52	(2005)	1067–1075	

NIMA	476	(2002)	556–564	

285	μm	thick	n−on−p		
irradiated		with	24	GeV	p		
at	Φ	=	1	×	1015	neq/cm2	

•  Thermally	generated	carriers	drift	towards	collecting	electrodes	
•  Negative/positive	space	charge	builds	up	approaching	n+/p+	implant	
Ø  Space	charge	distribution	is	no	longer	constant	
Ø  Electric	field	is	no	longer	linear	function	of	bulk	depth	
Ø  Visible	in	C-2	vs	V	analysis	as	a	change	of	slope		



Radiation	damage	in	current	ATLAS	pixels	
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PIX-2016-009	

•  Significant	decrease	of	dE/dx	and	
cluster	size	for	IBL	

•  Similar	effect	for	B-Layer	
•  It	was	necessary	to	increase	the	

bias	voltage	to	halt	the	negative	
trend	

•  Occupancy	decreasing	too	
	

50 100 150 200 250
1210×

]2/cm
eq

 [(1 MeV) nΦ

~9/7/2016	 ~8/9/2016	
]-1Integrated luminosity [fb

80 90 100 110 120
µ

O
cc

up
an

cy
 p

er
 

4

6

8

10

12

14

16

6−10×

B-Layer
Layer-1
Layer-2
Disks

ATLAS Pixel Preliminary

PIX-2017-008	



Modelling	radiation	damage	in	ATLAS	simulations	
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under the influence of the electric field, with a field- and temperature-dependent mobility. The number120

of fundamental charges per chunk is set to be small enough so that the over-estimation of fluctuations is121

negligible. A field- and temperature-dependent Lorentz angle is combined with the mobility to compute122

the time for a charge carrier to be collected (Sec. 3.4,3.5). This time is compared to a fluence-dependent123

trapping time (Sec. 3.6), the characteristic time a charge carrier will travel before it is trapped. If the drift124

time is longer than the trapping time, the chunk is declared trapped. The location of the chunk at the125

trapped position is calculated based on the starting position and trapping time (Sec. 3.4). Since moving126

charges induce a current in the collecting electrode, signal is induced on electrodes from trapped charges127

as well. This induced charge also applies to neighboring pixels, which contributes to charge sharing. The128

induced charge from trapped chunks is calculated from the initial and trapped positions using a weighting129

potential (Sec. 3.7). The sum of the collected and induced charge is then converted into a time over130

threshold (ToT) [26] that is used by cluster and track reconstruction tools.131
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Figure 2: A schematic diagram (left) and a flowchart (right) illustrating the components of the digitizer model
described in this article. Left: the blue line represents a MIP traversing the pixel sensor; groups of electrons and
holes are transported to the electrodes (one pair shown for illustration; in practice, there are many), under the
influence of electric and magnetic fields. Electrons or holes may be trapped before reaching the electrodes, but still
induce a charge on the primary and neighbor electrodes. Right: the digitizer takes advantage of pre-computation
to re-use as many calculations as possible. Various global inputs (fluence, annealing, etc.) are validating using
standalone studies based on particle production / transport codes as well as analytic models for the time-dependence
of defect states.

3.2. Luminosity to fluence132

The most important input to the radiation damage digitizer is the estimated NIEL. Section 2 introduced the133

baseline FLUKA simulation that is used to determine the conversion factor between integrated luminosity134

and fluence. This prediction yields a conversion of about 59.6 ⇥ 1011 neq/cm2/fb�1 for the IBL and135

29.2⇥1011 neq/cm2/fb�1 for the B-layer. In order to establish systematic uncertainties on these predictions,136

the fluence is converted into a prediction for the leakage current. The leakage current can be precisely137

measured and therefore provides a powerful constraint on the FLUKA simulation. For a time t at constant138

temperature T after an instantaneous irradiation with fluence �, the predicted leakage current is given139

by [9]:140

1st December 2017 – 10:48 5

Start

End

The ATLAS Simulation Workflow

General Overview

Geant4 toolkit is used to ...
... track particles through

the detector,
... simulate their multiple

scattering,
... model their energy loss and
... steer their decay if needed

further responsibilities of the ATLAS simulation group are ...
... emulation of detector response during digitization step
... managing some generator code which provides physics input
... injection of backgrounds and underlying events closely to data
... supplying events with “truth” information of all the above

Jochen Meyer The ATLAS Simulation 4 / 15

•  Digitization	step	transforms	carriers	
in	digital	signals	on	collecting	
electrodes	

•  We	developed	a	new	digitizer	which	
includes:	

•  Deformed	electric	field	(TCAD)	
•  Signal	induced	by	trapped	

charges	
Digitizer	algorithm	flowchart	

arXiv:1710.03916	
+	procs	accepted	by	Jinst		



TCAD	simulations	for	ATLAS	pixels	new	digitizer	
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•  Technology	Computer	Aided	Design	(TCAD)	used	to	calculate	electric	
field	after	irradiation	(and	Ramo	potential	too)	for	new	digitizer	

•  Solving	drift/diffusion	&	Poisson	equations	for	electrons	and	holes:	
	
	
	
	
	
	

•  taking	into	account	boundary	conditions	
–  Electrodes’	potentials,	interface	charges,	etc	

•  on	a	grid	of	points	
•  Powerful	tool	to	explore	and	optimize	new	sensors	geometries	(e.g.	

edgeless	detectors)	and	performance	after	irradiation	



Electric	field	predictions	for	IBL	planar	sensors	
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After	irradiation	the	electric	
field	is	no	longer	a	linear	
function	of	the	bulk	depth	
This	has	an	impact	on:	
Ø  Charge	Collection	Efficiency	
Ø  Lorentz	Angle	

Structure	

M.	Bomben,	TCAD	simula*ons	of	planar	FEI4	pixels,	Rad	Damage	Digi*zer	Mee*ng,	8/12/2016	

A	¼	of	the	IBL	
planar	pixel	cell	

has	been	
simulated	



A	word	on	TCAD	radiation	damage	models	

M.	Bomben	-	Silicon	Trackers		for	High	Luminosity	Colliders	-	26/03/2018	 41	

Deep	acceptor	(q=0/-)	

Deep	donor	(q=0/+)	

Measured	defects	 Simulated	defects	(TCAD,	Chiochia	model)	

Working	with	“effective	levels”	for	simulation	of	irradiated	devices	
Ø Most	often	2,	3	or	4	“effective	levels”	used	to	simulate	detector	behavior	
Ø  Defect	densities	and	cross	sections	of	defects	tuned	to	match	experimental	data	
Ø  Leakage	current,	signal	loss	and	electric	field	profile	reproducible	(with	some	

caveats)	

M.	Moll,	
Simdet	2016	

I.	Pintilie	(	VERTEX2016).	25-30	September,	2016.		



Charge	collection	efficiency:	data	vs	simulation	
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Old	public	version	available	here:	
PIX-2017-004	

]-1Integrated Luminosity [fb
10 210

fra
ct

io
n 

of
 c

ol
le

ct
ed

 c
ha

rg
e

0.5

0.6

0.7

0.8

0.9

1

Data 80 V
Data 150 V
Data 350 V
Standalone Simulation 80 V
Standalone Simulation 150 V
Standalone Simulation 350 V

ATLAS Internal
IBL planar modules

1
]2/cmeq (1 MeV) n14 [10Φ

1
]2/cmeq (1 MeV) n14 [10Φ

1
]2/cmeq (1 MeV) n14 [10Φ

2 6 4 0.5 0.3 

Fraction	of	collected	charge	defined	as	clusters	MPV	
normalised	to	un-irradiated	case	

•  Good	agreement	between	
collision	data	and	our	
simulation	

•  Essential	tool	to	understand	
what	operational	condition	to	
use	in	the	future		

•  Error	bars	H(orizontal)	&	V(ertical):	
•  Data:	

Ø  (H)	2%	on	luminosity	
Ø  (V)	charge	calibration	drift	

•  Simulation:	
Ø  (H)	15%	on	fluence	est.	
Ø  (V)	TCAD	parameters	

arXiv:1710.03916	
+	procs	accepted	by	Jinst		

ATLAS Pixel Internal



CCE	vs	Bias	Voltage	in	IBL	planar	sensors	
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Comparison with collision data: HV Scan

10 Lorenzo Rossini -  INFN and Università di Milano - Pixel Offline Meeting

Steffen has send us the data points for the HV scan. Steffen slides

Compare with AllPix!

Bias Voltage [V]
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1.4 data run 339957
2 neq/cm14=6 10φallpix: 

2 neq/cm14=10 10φallpix: 

ATLAS

Work in progress

Using run: 339957 ~90 fb-1 and 296939 ~4 fb-1 (to normalize results)


PRELIMINARY 

Good	agreement	over	a	large	
bias	voltage	range!	

This	observable	will	be	used	to	
make	predictions	on	operational	
voltages	for	2018	and	beyond	

~	90	fb-1	

ATLAS Pixel Internal



Lorentz	Angle	in	ATLAS	pixels:	data	vs	simulation	
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The	overall	offset	is	consistent	
with	previous	studies	and	appears	even	without	

radiation	damage	(zero	fluence)	

Perugia	2006	
model	ruled	out	

Positive	trend	with	fluence	is	a	
signature	of	double	junction	

electric	field	
IBL	planar	modules	

ATLAS Pixel Internal



Comments	and	Summary	
•  Radiation	damage	is	already	impacting	ATLAS	Pixel	detector:	
Ø  Reduction	of	signal,	cluster	size,	dE/dx,	occupancy;	drift	of	Lorentz	

Angle	(LA)	

•  Two-fold	action:		
1.   Reproduce	radiation	damage	effects	in	ATLAS	digitizer	
2.  Make	predictions	for	optimal	future	data	taking	conditions	

Ø  New	ATLAS	pixel	digitizer	calculate	signal	induced	on	electrodes	taking	
into	account	deformed	electric	field	and	trapping	

ü Model	validated	on	collision	data	for	what	concerns	CCE	and	LA	
•  Extrapolation	for	end	of	2018	(expected	~	1x1015neq/cm2)	on-going	

M.	Bomben	-	Silicon	Trackers		for	High	Luminosity	Colliders	-	26/03/2018	 45	



PIXEL	DETECTORS	FOR	THE	NEW	
ATLAS	INNER	TRACKER		
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High	Luminosity	LHC	
•  To	fully	exploit	its	physics	reach,	CERN	plans	to	upgrade	LHC		into	an	High	

Luminosity	collider	(HL-LHC)	
•  With	L	=	5-7x1034/cm2/s	and	about	4ab-1	of	final	data	set	observation	of	rare	SM	

mechanism	will	be	eventually	possible	(one	example:	Higgs	self-coupling)	and	the	
physics	reach	for	several	BSM	scenarios	will	be	significantly	extended	

•  Such	large	instantaneous	and	integrated	luminosities	translate	into	an	
unprecedented	level	of	events	rate	and	radiation	fluence.	

•  The	ATLAS	Inner	Detector	needs	to	be	replaced	
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Challenges	for	the	future	ATLAS	tracker	

•  Instantaneous	luminosity	:	Linst	=	5-7x1034	cm-2s-1	
– x7	more	than	today	

•  Events-pile	up:	μ	≈	140	–	200	events/Bunch	Crossing	
– x8-10	more	than	today		

Ø Need	to	increase	the	pixel	granularity	
– Actual	pixel	size:	50x(250-400)		µm2	

•  Expected	fluence:	ϕ =	2x1016	neq/cm2	
– x5	more	the	actual	sensor	lifetime	limit		

Ø Need	radiation-hard	detectors	
Ø Goal:	better	performance	in	a	harsher	environment!	
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2 The Pixel Detector Layout and Simulation ATLAS DRAFT

Figure 2.2: Top: A schematic layout of the ITk Inclined Duals layout for the HL-LHC phase with the
pixel layout as presented in this document. Bottom: A zoom into the Pixel Detector. In each case,
only one quadrant and only active detector elements are shown for both diagrams. The horizontal
axis is along the beam line with zero being the interaction point. The vertical axis is the radius
measured from the interaction region.

6 15th December 2017 – 19:16

From	ATLAS	Inner	Detector	to	Inner	Tracker	
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2 The Pixel Detector Layout and Simulation ATLAS DRAFT

Figure 2.2: Top: A schematic layout of the ITk Inclined Duals layout for the HL-LHC phase with the
pixel layout as presented in this document. Bottom: A zoom into the Pixel Detector. In each case,
only one quadrant and only active detector elements are shown for both diagrams. The horizontal
axis is along the beam line with zero being the interaction point. The vertical axis is the radius
measured from the interaction region.

6 15th December 2017 – 19:16

ATLAS	ID	 ATLAS	ITk	

(Active	detector	elements	only)	

The	new	ATLAS	Inner	Tracker	(ITk)	will	be	an		
all	silicon	tracking	system,	composed	of:	
•  5	pixel	barrel	layers	with	inclined	modules,	down	

to	|η|~4	,	plus	several	pixel	rings	
•  Pixel	pitch:	50µm	x	50µm	(it	was	50x250-400)	
•  Small	pitch	to	keep	occ.	at	0.1%	even	with	µ=200	
•  Pixel	thickness:	100-150µm	(it	was	200-250)	
•  Reduced	thickness	to	cope	with	charge	trapping	
•  Total	pixel	surface:	~	13	m2	(it	was	1.6	m2)	
•  Total	number	of	channels	~	5.2	G	(it	was	~	90	M)	

ATLAS	ITk	Pixels	

ATLAS-TDR-025	+	ITk	Pixel	TDR	(internal)	 3D	for	innermost	layers,	HVCMOS	for	outermost	



Edgeless	(and	thin)	detectors	
N
ot	to	scale	

•  To	maintain	(and	improve)	the	flavour	tagging	performance	we	have	to	
place	detection	modules	as	close	as	possible	to	the	beam	interaction	
point	

•  Detectors	dead	areas	are	to	be	reduced	to	maximize	acceptance	
Ø  Edgeless	detectors	
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beam	

250	µm		

200	µm		

100	µm		

2026 



LPNHE	planar	pixel	productions	
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PAE1	–	active	edge	 P2	-	thin	 PAE3	-		
thin	and	active	edge	

4”	200	µm	thick	n-on-p	
Active	Edge	technology	
Pixel-to-edge	down	to	100	µm	
Tested	extensively	on	beam	

JINST	12	P05006	(2017)	

NIM	A	712	(2013)	41–47	

6”	100	µm	thick	n-on-p	
INFN	ATLAS/CMS	project	
Tested	extensively	on	beam,		
after	irradiation	too	

13th	Trento	Workshop,	2018	

6”	100	µm	thick	n-on-p	
INFN	ATLAS/CMS	project	
Active	Edge	technology	
Pixel-to-edge	down	to	50	µm	
50x50	µm	pitch	sensors	
Tested	on	beam,		
after	irradiation	too	

ATLAS	 CMS	

2017	JINST	12	C12038		



The	FBK/LPNHE	PAE1	pixel	production	
An	FBK-LPNHE	production	
• 	200	μm	thick,	n-on-p	sensors		
• 	Challenge:	reduce	the	dead	area	at	the	detector	
periphery	(Atlas:	1100	μm)	
• 	Technique:	Deep	reactive	Ion	Etching	
ü 	Inactive	region	down	to:	100	μm	

4.5 µm 

100	μm	

ç Trench	

Dead 
area 
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NIM	A	712	(2013)	41–47	



Testbeam	performance	of	edgeless	detectors	

•  The	detector	is	efficient	beyond	the		
last	collecting	electrode	

•  Efficiency	is	>	90%	up	to	80	µm	away	
from	the	last	pixel		

•  The	dead	area	is	no	longer	dead!	
	
	

•  But	how	is	it	possible	that	charge	is		
collected	beyond	the	last	pixels?	

•  TCAD	simulations	can	shed	light	here!	

JINST	12	P05006	(2017)	
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TCAD	simulations	and	edgeless	detectors	

Charges	are	not	collected	and	re-emitted	by	the	GRs		
apart	from	few	µm	below	the	surface	
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JINST	12	P05006	(2017)	



P2	-	Thinner	detectors	for	the	HL-LHC	phase	
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2017	JINST	12	C12038		

Two	n-on-p	pixels	sensors	from	P2	production	were	irradiated	with	24	GeV	
protons	at	CERN	in	subsequent	irradiation	steps	with	a	Gaussian	beam	profile	

CHAPTER 7. PIXELS DETECTORS FOR THE NEW ATLAS INNER TRACKER

Figure 7.15: Wafer from the n°on°p planar technology production [172] whose layout was mainly
based on ATLAS FEI4 and CMS PSI46 designs. The red rectangle encircles one pixel sensors com-
patible with the FE-I4 [126] readout chip.

Table 7.4: Irradiation program for the two FE-I4 pixel modules W80 and W30.

Module name Beam spot size Fluence ¡ Cumulative fluence at peak �
(thickness [µm], # of GRs) (FWHM - [mm2]) [1015 neq/cm2] [1015 neq/cm2]

W80 (130, 2) 20£20 3 same
W30 (100, 5) 12£12 4 same
W80 (130, 2) 20£20 7 10
W30 (100, 5) 20£20 7 11

The sensors were indeed bump bonded to an FE-I4 chip at IZM, Berlin5 and measured2861

on beam before and after irradiation. In Figure 7.16 some pictures of the pixel modules2862

on PCB are shown.

Figure 7.16: Thin n °on °p planar pixel sensor modules. (left) Module mounted on a PCB card.
(right) Module inside the DUT cooling box at the CERN H6 beamline; W80 is the second module
from the left; outside of the box the six planes of the ACONITE telescope [173].

2863

The modules were tested on beam after each irradiation step at CERN H6 beam line2864

(120 GeV/c pions) and at DESY T21 beam line (4 GeV/c electrons). In both cases tracks2865

were reconstructed thanks to a EUDET-type beam telescope [173], composed of six pixel2866

5Fraunhofer-Institut für Zuverlässigkeit und Microintegration: https://www.izm.fraunhofer.de/
en.html

126

Tested	on	beam	after	each	irradiation	step	
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Testing	several	fluences	with	1	detector!	



P2	–	Hit	efficiency	after	HL-LHC	like	fluence	
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•  Module	tested	up	to	600	V	at	t	=	-40o	C		
•  at	DESY	(4	GeV/c	electron	beam)	and	CERN	(120	GeV	pion	beam)	

•  Hit-efficiency	is	~	92-94%	at	1.4x1016	neq/cm2	

•  Hit-efficiency	is	~	96-98%	at	5.5x1015	neq/cm2	

•  Average	hit-efficiency	is	~94-96%	at	1x1016	neq/cm2	(ITk	specs.	require	97%)	
•  Uncertainties	on	irradiation	map	alignment,	threshold	and	gain	uniformity	
•  To	be	used	to	tune	the	digitizer	for	HL-LHC	fluences	

2	mm	

2	
m
m
	

DESY,	Illuminated	area	



PAE3	–	thin	and	active	edge	sensors	
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Staggered	trench	

50	µm	

65	µm	

45	µm
	

10	µm
	

Sensor	taken	from	130	µm	SiSi	wafer	
50	µm	minimal	pixel-to-edge	distance	and	no	Guard	Rings	
Irradiated	uniformly	with	low	energy	protons	(KIT)	at	2.7x1015	neq/cm2	(average	
fleunce	for	ITk	Pixel	intermediate	layers)	
Tested	on	beam	(DESY)	before	and	after	irradiation	



PAE3	–	Edge	efficiency	for	un-irr.	sensors	

M.	Bomben	-	Silicon	Trackers		for	High	Luminosity	Colliders	-	26/03/2018	 58	

19850 19900 19950 20000 20050 20100
m]µTrack Impact Position [

0

0.2

0.4

0.6

0.8

1

Ef
fic

ie
nc

y

mµ 0.5 ±Efficiency is 50% at 20041.8 

mµ 0.47 ±Resolution = 19.22 

 0.1 %±Efficiency plateau = 99.5 

Pixel	edge	 Trench	

Up	to	15	µm	away	from	the	last	pixel:	
Ø  Hit-eff.	>	90%			



PAE3	–	Edge	efficiency	for	un-irr.	sensors	
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PAE3	-	IV	curves	before	and	after	irradation	
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Efficiency	at	edge:	irr.	vs	unirr.	modules	
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Pixel	edge	 Trench	

Eff.	@	plateau:	
Ø  99.5%	
Ø  97.4%	
Resolution	~	20	µm	

Within	uncertainties,	no	sizeable	
difference	in	edge	efficiency	after	
irradiation	when	compared	to	un-

irradiated	case!		



Summary	and	Outlook	
•  The	planned	increase	luminosity	of	LHC	translates	into	unprecedented	

levels	of	event	rate,	pile-up	and	radiation	damage	

•  A	complete	new	inner	tracking	system	is	under	development	within	the	
ATLAS	community,	the		ITk	

•  Pixels,	at	the	core	of	the	ATLAS	ITk,	will	have	to	assure	the	performance	
of	current	detectors	in	a	much	more	harsh	environment	

•  Planar	thin	and	edgeless	pixel	sensors	are	excellent	candidates	for	
intermediate	ITk	layers	thanks	to	their	performance	and	cost	
effectiveness		

•  Active	edge	technology	to	be	retested	at	larger	fluences	
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PERSPECTIVES	
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Development	of	the	ITk	pixel	system	
•  Hybrid	pixels	are	the	sensors	candidates	for	the	innermost	layers	of	the	

ATLAS	Inner	Tracker	
•  My	expertise	in	designing,	simulating	and	testing	silicon	sensors	will	

allow	me	to	keep	making	important	contributions	for	the	development	
of	the	ITk:	

1.  I	am	contributing	to	new	pixel	productions,	based	on	results	achieved	
in	the	last	years		

2.  We	are	now	entering	the	phase	of	module	construction,	and	within	
the	ATLAS	ITk	French	group,	I	will	be	in	charge	of	coordinating	some	of	
the	modules	construction	phases	

3.  As	ATLAS	ITk	testbeam	coordinator	I	will	play	an	important	role	in	the	
final	sensor	decision	for	the	new	ATLAS	Pixel	detector	
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Improved	TCAD	and	Monte	Carlo	simulations	
•  The	data	collected	in	laboratory	and	on	beam	with	highly-irradiated	

sensors	are	vital	to	model	the	radiation	damage	in	silicon	at	the	
fluences	expected	at	the	HL-LHC	

•  As	coordinator	of	the	Radiation	Damage	Pixel	Digitizer	group	I	will	
make	use	of	ITk-like	modules	data	to	further	develop	first	TCAD	and	
then	Monte	Carlo	simulations	

Ø  The	natural	continuation	of	such	a	program	is	the	further	development	
of	the	ATLAS	Monte	Carlo	simulations	to	correctly	model	the	degraded	
detector	at	the	fluences	expected	HL-LHC,	work	I	started	already	for	the	
ITk	Pixel	TDR		
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From	tracker	radiation	damage	to	performance	
•  Radiation	damage	is	already	impacting	actual	ATLAS	data	taking	
•  It	is	important	to	follow	closely	tracker	and	tracking	observables	to	

quickly	re-establish	optimal	data-taking	conditions	
•  Hit-efficiency	is	one	of	the	most	important	variables	to	monitor	but	

cluster	size	is	even	more	important	for	tracking	resolution	which	
impacts	on	a	large	part	of	the	ATLAS	physics	program	

•  Monte	Carlo	studies	based	on	different	scenarios	for	what	concerns	
radiation	damage	are	being	prepared	and	will	be	vital	to	predict	future	
performance	of	tracks	and	high-level	physics	objects	

•  New	and	better	algorithms	for	clustering,	tracking,	vertexing	and	
flavour-tagging	will	be	developed	on	this	work	

•  I	see	myself	coordinating	this	effort	together	with	tracking	experts,	
mentoring	students	that	will	have	the	opportunity	to	understand	in	
deep	the	performance	of	the	ATLAS	tracking	system	

M.	Bomben	-	Silicon	Trackers		for	High	Luminosity	Colliders	-	26/03/2018	 66	



The	µ-channels	solution	(option	for	HL-LHC)	
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Silicon-only	system:	
ü 	No	mechanical	stress	due	to	CTE	mismatch		
ü 	Low	mass	
ü 	Customizable	layout	of	the	channels	è	more	efficient	and		
uniform	cooling	

					FE	chip	backside	
	–	200	-	400	µm	thick	

	
	

FE	chip	–100	µm	thick	

Sensor	–100	µm	thick		

Area:	~	2	cm	x	2	cm	

Area:	~	2	cm	x	2	cm	

Area:	>~	2	cm	x	2	cm	

Coolant	
Inlet/Outlet	

µ-channels	

Bump-bonds	

CO2	boiling	in	µ-
channels	

Coefficient	of	Thermal	Expansion	
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REFLECS	&	REFLECS2	project	(financed	by	CNRS)	
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6“	wafer	µ-channel		
production	
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REFLECS	&	REFLECS2	project	(financed	by	CNRS)	

M.	Bomben	-	Silicon	Trackers		for	High	Luminosity	Colliders	-	26/03/2018	

13	channels	200x120	µm		
Silicon	walls	500um	
Inlet	restrictions	60x120µm	



FBK	production:	mini-stave	for	4	modules	

70	

Micro-chanell	plate	20x100mm	
13	channels	200x120	um		
Silicon	walls	500um	
Inlet	restrictions	60x120um:	same	lenght	6mm	for	all	
Inlet	outlet	holes	1.6	mm	diameter	
Pillars	in	the	outlet:	350um	diameter	
Shortest	channel:	165	mm	
Longest	channel:	199	mm	
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SUMMARY	
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Summary	
•  Silicon	detectors	for	High	Energy	Physics	were	born	almost	40	years	ago	

with	the	goal	of	measuring	heavy	flavour	particles	
•  Today	they	are	the	standard	choice	for	the	innermost	layers	of	

experiments	at	high	energy	colliders	
•  Rare	phenomena	and	high	precision	measurements	require	high	

luminosity	colliders	
•  The	main	challenges	for	future	silicon	detectors	are	high	data	rates	and	

radiation	damage	
•  Further	detector	segmentation	and	more	“intelligence”	at	the	pixel	level	

are	crucial,	together	with	accurate	performance	predictions	
•  An	all-silicon	system	is	the	final	goal	
•  I	am	happy	to	be	one	of	the	actors	in	this	field,	able	to	contribute	from	

design	to	performance	studies	and	eager	to	enter	the	“High-Lumi”	era	
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Transverse	momentum	measurement	
	
	
	
	
	
	
	
	

Track	curvature	R	~L2/8s	
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The	base	of	tracking	and	vertexing	is	the	measurement	of	space-points,	i.e.	the	
3D	position	of	the	track	traversing	the	sensing	layer.	

21/5/2015	
13	TeV	collisions	

From	curvature	R	transverse	momentum	pT	can	be	determined:	
pT[GeV/c]	=	0.3	|z|	B[T]	R[m]		

Sagitta	

Magnetic	
Field	B	Measure	sagitta,	s,	from	track	arc	->	get	curvature,	R	
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‣ the trajectory of a charged particle in magnetic field can (at any point) be

parameterised through five parameters

‣ ATLAS choice                               , accomplished by 5x5 covariance C 
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three global variables for momentum representation
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covariances, but excludes obviously the hit collection. A simple refit such a slimmed track after it
has ben read from the persistent storage would recreate the full track information as achieved in the
original event reconstruction. The flexible TSOS container design of the Track class was hereby a
key feature, since it allows to create a track collection of stripped hits and a Perigee representation2

that is then written to disk. The track collection size could be significantly reduced (depending on
the track collection, the reduction factor varies between 6 to 10).

Representation for Physics Analysis Few analyses based on data taken with the ATLAS detector
will directly incorporate the Track objects. The Track itself is, in general, not more than a trajectory
representation of the particle when passing through the detector, while the — for the event analysis
— most important representation of the particle as a four momentum vector at the production vertex
is not given by the Track; neither is particle identification3 nor the vertex association performed at
the stage of track reconstruction. In the ATLAS EDM, the Track information is represented as a
TrackParticle object for further use in a particle-oriented event analysis. Vertex fitting with or
without constraints can be performed on TrackParticle objects, but needs the extrapolation engine
to express the trajectory with respect to the (iteratively fitted) vertex position. To enhance common
tracking tools to work together with the TrackParticle object (which combines a broader bundle
of aspects to be dealt with in event reconstruction), without breaking the philosophy of keeping the
tracking modules independent from specific reconstruction algorithms, a new TrackParticleBase
class has been introduced that concentrates the tracking-relevant information and builds the new
interface for tracking tools. These tools are designed to operated also on event reconstruction and
analysis level; a detailed description of the new TrackParticleBase class can be found in Sec. 4.

2 Trajectory Parameterisation: The ParametersBase class

The parameterisation of a particle trajectory with respect to a given surface is inevitable for track
reconstruction. It can be done in many di�erent ways, for a charged trajectory in magnetic field a
minimal set of five parameters has to be chosen; it can be reduced by one parameter for a trajectory
representation in a no-field environment or a neutral particle that follows a straight line. This is, since
the charge q and the momentum magnitude p are superfluous for the purely geometrical description of
a line. For constrained vertex fitting that includes both charged and neutral particle traces, however,
the momentum (hypothesis) is necessary — see Sec. 5.
The trajectory parameterisations for both neutral and charged particles are thus realised in the ATLAS
tracking EDM as a set of five parameters

x = (l1, l2, ⇥, �, c/p)T , (1)

when l1 and l2 denote the local coordinate expression on the given surface (and thus depend on the
surface type), ⇥ and � are the azimuthal and polar angle, respectively, and c is defined as

c =

�
⌅⇤

⌅⇥

q if q �= 0,

1 if q = 0.
(2)

For every surface type that is defined in the ATLAS reconstruction geometry [4], a dedicated pa-
rameterisation exists, realised by a specific class to ensure an unambiguous identification of the given
measurement frame. In track fitting — since the trajectory itself can not be measured, but only a lo-
calisation at discrete points in the detector can be done — a set of measurement mapping functions hj

is needed to map the track parameterisation on a measurement surface to the measured coordinates
and thus to establish a predicted measurement4. This yields for the single predicted measurement

2This is for the simple convenience of the user that is not forced to refit the track collection if the focus is only drawn
onto the impact parameterisation.

3Only a ParticleHypothesis exists for the steering of material e�ects integration.
4Since the two most common track fitting techniques, the least squares method and the Kalman filter are both linear

estimators, these measurement functions are even required to be linear, or at least approximated by a linear function.

Vertexing	measurement	
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p⃗ = (d0, z0, θ,φ, q/pT )

Task:	find	a	common	point	in	space	for	tracks’	origin	
Fundamental	ingredient:	distance	of	closest	
approach	to	interaction	point	(or	vertex)	
Ø  d0	in	the	transverse	plane	
Ø  z0	for	the	longitudinal	direction	
	



P-n	Junction	–	Signal	formation	
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The	 charged	 carriers	 drifting	
towards	 the	 respective	 electrodes	
induce	a	transient	current	on	them	
	
For	 a	 single	 carrier	 with	 charge	 q	
this	 current	 i(t)	 depends	 on	 the	
carrier	 velocity	 v	 and	 on	 the	
weighting	field	Ew:	
(For	a	MIP:	i(0)	~	O(µA))	
	
The	weighting	 field	Ew	 is	 related	 to	
the	 the	 weighting	 potential	 Vw	 by	
the	relation:		
where	 Vw	 is	 the	 solution	 of	 the	
Laplace	equation:		
with	 unit	 potential	 to	 one	 of	 the	
electrodes	and	zero	for	the	others		

The	charged	carriers	created	by	the	
interaction	of	a	photon	or	of	a	charged	
particle	drift	towards	the	respective	
electrodes	under	the	effect	of	the	
electric	field	E	
	
The	carrier	velocity	v	depends	linearly	
on	the	electric	field	E	through	the	
mobility	µ:		
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SLIM5	APSEL	4D	performance	
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APSEL	4D	MAPS	

CHAPTER 3. THE SLIM5 PROJECT

30/09/2009 M. Bomben, Univ. & INFN-TS - Slim5 striplet detectors - SIF09, Bari 12

Test beam layout

BEAM

TELESCOPE

TELESCOPE

STRIPLET

STRIPLET

L0 L1

L2 L3

MAPS

Figure 3.8: (left)The SLIM5 Beam Test Setup. (right)Picture of the SLIM5 demonstrator at the T9
facility of the CERN PS in September 2008. The telescope, 2 striplets modules and one Apseld4D
are visible.

For the reference telescope four 2 £ 2 cm2 DSSDs were used; the strips where AC-1123

coupled, with 25 (50) µm pitch on p ° (n°)side. The readout pitch was the same (50 µm)1124

for both sides, as the telescope modules too were readout by the FSSR2 chip. One pair1125

was positioned upstream and the other downstream of the devices under test (DUTs).1126

The scintillators (S1, S2 and S3) were used for trigger studies.1127

3.5.2 Apsel4D Results1128

Two Apsel4Ds were studied, one having with nominal thickness (300 µm) and the other1129

thinned down to 100 µm only. The maximum efficiency was observed for the thinned1130

chip; at the lowest threshold (400 e, about 40% of a MIP signal) it reached 92%, which1131

roughly corresponds to the Apseld4D fill factor. Efficiency vs threshold results for Apsel4D1132

are shown in Figure 3.91133

Figure 3.9: (left)Efficiency results for two MAPS detectors, taken from a single threshold scan. The
statistical uncertainty on each point is smaller than the size of the plotting symbol. The point of
low efficiency at the lowest threshold was probably due to temperature fluctuations during the
measurements.(right) MAPS hit efficiencies measured as a function of position within the pixel.
The picture, which is not to scale, represents a single pixel divided into nine sub-cells. The values
are the efficiencies obtained in each sub-cell after taking into account track migration among cells.
The uncertainties include the statistical uncertainty plus a systematic contribution coming from
the track migration.

The efficiency within the Apsel4D pixel cell was performed; given the tracking resolu-1134

42

Fill	factor	



SLIM5	striplets	performance;	efficiency	
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The hit-efficiency was of above 98% for both the p° and the n°side. A detailed anal-1157

ysis of the hit-efficiency as a function of the position along the detector is shown in Fig-1158

ure 3.11.

Figure 3.11: Efficiency of a striplet module as a function of the track impact position. Dead strips
where removed from the analysis by selecting strips with efficiency greater than 1.0%; dead strips
position is marked by magenta arrows.

1159

As it can be seen efficiency was quite uniform over the entire sensor. Strips with1160

efficiency below 1% where declared as dead and removed from the analysis. An elec-1161

trical analysis after the beam test confirmed that the dead strips were indeed discon-1162

nected/malfunctioning channels.1163

The spatial resolution performance of the striplets will be discussed in detail in the1164

next Section.1165

3.6 Discussion of the Striplets Spatial Resolution1166

In this Section the spatial resolution of the striplets will be discussed in detail. After a1167

rather general introduction to the concepts of spatial resolution and how it can be inferred1168

from the residuals distribution, the spatial resolution performance of the striplets will be1169

presented. In particular the impact of the threshold will be examined.1170

3.6.1 Residuals and Spatial Resolution1171

The spatial resolution performance of position sensitive silicon detectors depends on var-1172

ious factors; some of them are related to the physics processes of charge creation and1173

transport, others to the detector characteristics. Among the former there is the statis-1174

tical fluctuation of the energy loss and the diffusion of the charge carriers produced by1175

the MIP: the carriers created by a traversing MIP spreads due to diffusion according to1176

æ =
p

2Dt where D is the diffusion constant and t is the time the carriers travel to reach1177

the collecting electrode; typical values of the diffusion spreadæ are of few µm for detector1178

thicknesses of 100-200 µm when the carriers velocities are saturated. Factors that influ-1179

ence the spatial resolution that are related to the detector characteristics are the analog1180

or binary readout, the detector pitch and the signal-to-noise ratio.1181

Spatial resolution is usually estimated by taking the RMS of the residuals distribution.1182

Residuals are defined as the difference between the position of the DUT hit associated1183

to a track and the extrapolated position of the track itself on the DUT plane . The width1184

of the residuals distribution depends on two main factors: the intrinsic resolution of the1185

DUT æDUT (about the detector pitch divided by
p

12 - the so-called binary resolution [42])1186

and the pointing resolution of the tracking system ætr k , which is the sum of the beam1187
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Highly	uniform	efficiency	over	the	entire	detector	



ATLAS	Pixels:	Fluence	and	Luminosity	
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Example	of	TCAD	radiation	damage	models	
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PETASECCA et al.: NUMERICAL SIMULATION OF RADIATION DAMAGE EFFECTS 2973

TABLE I
THE RADIATION DAMAGE MODEL FOR P-TYPE

TABLE II
THE THREE LEVELS RADIATION DAMAGE MODEL FOR N-TYPE

For n-type, deep acceptor levels are commonly attributed to
divacancy related defects, with energies reported in the range
Ec-0.42 Ec-0.55 (eV) [1], [9], [10], [11]. However, some un-
certainty still exists concerning their proper assignment. For our
purposes, we have obtained the best results by selecting one ac-
ceptor level located at Ec-0.42 eV (assigned to ), and a second
acceptor level located at Ec-0.5 eV, usually attributed to the O
complex.

For p-type, acceptor levels have been determined by means
of DLTS (Deep-Level Transient Spectroscopy) and TSC (Ther-
mally Stimulated Current) techniques, and they have been at-
tributed to di-vacancy and multi-vacancy complexes, located at
Ec-0.42 eV and Ec-0.46 eV respectively [12]–[14].

III. SIMULATION SETUP

To analyze the p-type and n-type substrate behavior, we
have designed two dimensional n+/p/p+ and p+/n/n+ structures
starting from a silicon substrate doped at a concentration

cm corresponding to a resistivity of about 6 k -cm.
The simulated structure consists of a simple diode, 300 m
thick, 40 m wide, separated by 15 m from a 6 m wide
guard ring which is necessary to obtain a uniform electric field
distribution underneath the diode junction. A 1 m deep n+
(or p+) implant (Gaussian profile) has been adopted for the n+
(p+) guard ring. The effect of charge build up at the Si/SiO
interface under irradiation is taken into account by defining a
different charge oxide concentration in non-irradiated (
cm ) and irradiated ( cm ) devices respectively. Al-
though the simulated structure is relatively simple, it is able to
reproduce, in terms of full depletion voltage and charge col-
lection efficiency, the behavior of real devices—typically pad
or strip detectors—even if they have different geometries. The
methodology that we have used is the following: first we have
calibrated our simulations by the comparison with experimental
data reported on non-irradiated (oxygen-free) float-zone silicon
detectors; then we have introduced our radiation damage model
(parameters reported in Tables I and II) and we have evaluated
the prediction of the model comparing our simulations with the

Fig. 1. Simulated data of the Full Depletion Voltage as a function of the fluence
for p-type detectors has been compared with measured values taken from [15].

measurements performed on the same samples, after irradia-
tion. In case of irradiation with protons at an energy of 24 GeV,
the damage efficiency has been normalized to 1 MeV neutron
equivalent with a conversion .

Since it is known [1] that the electrical characteristics of irra-
diated detectors are influenced by the operating and storage tem-
perature, the experimental data that we have used for compar-
ison with our simulations have been taken from samples stored
below room temperature after being cured with a so called “ben-
eficial annealing” of 80 C during 60’. In this work, the double
junction effect which occurs after high fluence irradiation has
not been taken into account. All simulations have been carried
out at room temperature.

IV. FULL DEPLETION VOLTAGE AND LEAKAGE CURRENT

In this section we report the results concerning the depen-
dence of depletion voltage and leakage current from the fluence
on p-type and n-type silicon detectors, respectively.

The full depletion voltage has been extracted from simulated
CV-plots of the diode capacitance as a function of the reverse
bias voltage. It is worth mentioning that, in operating conditions,
the detector bias voltage is assumed to be equal to the full de-
pletion voltage plus 50%.

A. p-Type Silicon Detectors

For p-type silicon we initially consider the effect of the two
acceptor levels whose parameters are reported in Table I.

The p-type model reproduces fairly well the experimental
[15], [16] variation of the full depletion voltage as a function of
the fluence (Fig. 1) provided that we increase the introduc-
tion rate of about 60% (up to 1.613). With these conditions, the
standard deviation between simulated and experimental data is
less than 5%. Assuming a linear increase of with fluencies,
the expected full depletion voltage at n/cm would be ap-
proximately 2000 V. Fig. 2 shows how the simulation correctly
predicts the increase of the leakage current with the fluence and
the saturation of the current at full depletion voltage. The

Perugia	2006	
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Fig. 10. Measured [13] and simulated interstrip resistance as a function
of VBIAS at different x-ray doses. Simulations are obtained considering two
acceptor interface traps at ET = EC − 0.4 eV and at ET = EC − 0.6 eV and
one donor interface trap at Ev+0.6 eV. In this case NIT = 0.8 × NOX.

charge build-up with fluence, which is strongly dependent
on the technology options. However, a very realistic trend
can be adopted for HPK technology, in particular being the
highest NOX value close to the measured saturation value of
1.6-1.8 × 1012 cm−2 in the dose range 10-1000 Mrad(Si) [3].

Within this framework, a key role is played by the inter-
face trap state density as well; we therefore considered an
extensive analysis using different value of NIT. To begin with,
a relatively low trap density has been considered, in particular
for the case NIT/NOX = 0.5 (Fig. 8). As can be seen from
the comparison, with this NIT/NOX ratio it is not possible to
reproduce correctly the interstrip resistance as a function of
the dose. The predicted isolation behavior is actually too low
for values of NOX of the order of 1 × 1012 cm−2.

Fig. 9 shows the same comparison for NIT/NOX = 1.
In this case, a dual behavior has been found: the interstrip
resistance is always very high even at very high doses (namely,
corresponding to very high values of NOX), being the strips
always isolated.

Finally, Fig. 10 shows the comparison of measured and
simulated interstrip resistance as a function of bias voltage
at different X-ray doses for the case NIT/NOX = 0.8.
By consistently increasing the oxide charge and consequently
the interface trap densities with the X-ray dose, it is possible
to match the experimental data using the parametrization
described previously and summarized in Table II. In particular
within the high voltage range (i.e. the operating region of
interest) the isolated (unirradiated) condition is well repro-
duced (QOX = 2.0 × 1011), as well as the worst condition of
isolation loss due to the irradiation (QOX = 1.8 × 1012).

B. Comprehensive Surface and Bulk Damage Model

At the very high fluences expected at HL-LHC (e.g. greater
than 1 × 1016 n/cm2) and at the expected operating voltages,
bulk damage effects have still a dominant role in setting the
charge collection efficiency, depletion voltage and leakage
current while oxide charge and interface traps build-up have

TABLE II

OXIDE CHARGE AND INTERFACE TRAP DENSITY INTRODUCED
IN THE SURFACE DAMAGE MODEL CONSIDERING

LITERATURE DATA PUBLISHED IN [3]

TABLE III

THE RADIATION DAMAGE MODEL FOR P-TYPE (UP TO 7 × 1015 N/CM2)

TABLE IV

THE RADIATION DAMAGE MODEL FOR P-TYPE (IN THE

RANGE 7 × 1015 − 1.5 × 1016 N/CM2)

only a minor effect on such parameters. On the other hand,
oxide charge and interface traps play a dominant role in
setting the isolation properties of adjacent strips. This is of
utmost importance for segmented detectors (microstrip or pixel
detectors).

Once assessed the main parameters of the surface damage
effects to be included within the TCAD model, a compre-
hensive TCAD model has been devised by combining the
bulk damage model [14] and the surface model previously
described. A comprehensive analysis of the variation of the
effective doping concentration (Neff), the leakage current den-
sity and the charge collection efficiency (CCE) as a function of
the fluence has been performed using the Synopsys Sentaurus
TCAD device simulator. As a reminder, the bulk trap level
parameters used here are designed to model p-type Float Zone
substrates after irradiation, and are based on work done by
our group in the past [1], [14]. The full details of the traps
are given in Table III, IV, V. Each defect level is characterized
by different parameters: the energy level (eV), the associated
defect type, the cross sections for electrons σe and holes
σh (cm−2) and the introduction rate η (cm−1), respectively.

For the purpose of evaluating the variation in depletion
voltage (VFD) and leakage current (I ), a 280 µm-thick n-in-p
pad detector was simulated at different fluences. Capacitance-
Voltage characteristics were used to calculate the full depletion
voltage of the detectors under study. The standard procedure
used for the extraction of VFDwas the fit with two straight
lines in the logC-logV plot near the kink [15].

The choice of the kink point in the case of the irradi-
ated detectors has some degree of uncertainty due to the
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sh=se is set to 0.25 for both donor and acceptor traps while
at lower fluences we find sAh =s

A
e ¼ 0:25 and sDh =s

D
e ¼ 1 for

the acceptor and donor traps, respectively.

5. Conclusions

In this paper, we show that a model of irradiated silicon
sensors based on two defect levels with opposite charge
states and trapping of charge carriers can be tuned using
charge collection measurements and provides a good
description of the measured charge collection profiles in
the fluence range from 0:5" 1014 to 6"1014 neq=cm2.

The model produces an electric field profile across the
sensor that has maxima at the implants and a minimum
near the detector midplane. This corresponds to negative
space charge density near the nþ implant and positive space
charge density near the pþ backplane. We find that it is
necessary to decrease the ratio of acceptor concentration to
donor concentration as the fluence increases. This causes
the electric field profile to become more symmetric as the
fluence increases.

Given the extracted electric field and space charge
density profiles, we suggest that the correctness and the
physical significance of effective doping densities deter-
mined from capacitance–voltage measurements are quite
unclear. In addition, we remark that the notion of partly
depleted silicon sensors after irradiation is inconsistent
with the measured charge collection profiles and with the
observed doubly peaked electric fields.

The charge-sharing behavior and resolution functions of
many detectors are sensitive to the details of the internal
electric field. A known response function is a key element
of any reconstruction procedure. A working effective

model will permit the detailed response of these detectors
to be tracked as they are irradiated in the next generation
of accelerators.
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Table 1
Double trap model parameters extracted from the fit to the data

F ðneq=cm2Þ NA(cm&3) ND(cm&3) sA=De (cm2) sAh (cm
2) (cm2) sDh

ð"1014Þ ð"1015Þ ð"1015Þ ð"10&15Þ ð"10&15Þ ð"10&15Þ

0.5 0.19 0.25 6.60 1.65 6.60
2 0.68 1.0 6.60 1.65 6.60
5.9 1.60 4.0 6.60 1.65 1.65

V. Chiochia et al. / Nuclear Instruments and Methods in Physics Research A 568 (2006) 51–55 55Chiochia	2006;	 EA:	Ec−0.525	eV;	ED:	Ev+0.48	eV	

Nota	Bene:	Perugia	2006	p-type	and	Perugia	2016	
are	very	similar	

NIM	A568,	(2006)	51	

IEEE	TNS,	VOL.	53,	NO.	5	(2006)		

IEEE	TNS,	VOL.	63,	OCTOBER	2016		

Used	for	
ATLAS	
digitizer	



Simulated	CV	curve	after	irradiation	
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Systematic	uncertainties	from	TCAD	models	
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•  As	shown	in	the	previous	slide,	TCAD	radiation	
damage	models	parameters	come	with	no	
uncertainties	

•  Motivation:	limited	computing	power/time,	
at	least	for	early	2000s	models	

•  Authors	provided	no	guidance	at	all	
•  We	decided	to	vary	each	trap	parameter	by	a	

certain	fraction	of	its	value	and	see	the	effect	
on	the	electric	field	profile	

•  Trap	occupation	probability	Pt	depends	
exponentially	on	trap	energy	Et	and	linearly	on	
the	other	parameters,	so	the	following	
uncertainties	were	assigned:	
Ø  Et:	+/-	0.4%	(~1/10	of	kBT)		
Ø  Trap	density	Nt,	cross	sections	σe,h:	+/-	10%	

Φ=1x1014	neq/cm2,	Vbias	=	80	V	

Φ=1x1014	neq/cm2,	Vbias	=	80	V	



PAE1	pixel	production:	edge	studies	
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edge	studied		



TCAD	simulations	–	0	GRs	
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µ-channels	cooling	applications	
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Water	cooling	of	turbine	
blades	

Computer	data	centres	

Rocket	engine		
noozle	cooling	

Avionics	cooling	

Hybrid	veichles		
data	centres	

Fusion	reactor	blanket	

Cooling	of		
satellite	electronics	
(e.g.	HEP:	AMS)	

Heat	exchange	for	
hydrogen	storage	

Sung-Min	Kim,	Issam	Mudawar,	
International	Journal	of	Heat	and	
Mass	Transfer	77	(2014)	74–97	



Motivations	
Many	modern	devices	are	faced	with	two	conflicting	trends	

Ø the	need	to	dissipate	increasing	amounts	of	heat,	
Ø and	the	quest	for	more	compact	and	lightweight	designs	

	
Most	present	air	cooling	and	single-phase	liquid	cooling	solutions	virtually	obsolete	
	
Paradigm	shift	from	single-phase	to	two-phase	cooling	strategies	to	capitalize	upon	

the	coolant’s	sensible	and	latent	heat	rather	the	sensible	heat	alone	
	
Ø  CO2	boiling	

Sung-Min	Kim,	Issam	Mudawar,	
International	Journal	of	Heat	and	Mass	
Transfer	77	(2014)	74–97	
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Motivations	
Many	modern	devices	are	faced	with	two	conflicting	trends	

Ø the	need	to	dissipate	increasing	amounts	of	heat,	
Ø and	the	quest	for	more	compact	and	lightweight	designs	

	
Most	present	air	cooling	and	single-phase	liquid	cooling	solutions	virtually	obsolete	
	
Paradigm	shift	from	single-phase	to	two-phase	cooling	strategies	to	capitalize	upon	

the	coolant’s	sensible	and	latent	heat	rather	the	sensible	heat	alone	
	
Ø  CO2	boiling	
Ø  into	micro-channels!	

Sung-Min	Kim,	Issam	Mudawar,	
International	Journal	of	Heat	and	Mass	
Transfer	77	(2014)	74–97	
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New	cooling	system	for	ITk	

ΔI/V(Φ=1e16/cm2)	≈	0.4	A/cm3	

16	mA	if	V	=	4cm2	x	100µm	

Efficient	and	powerful	thermal	management	needed	
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HEP	Experiments	at	Colliders	and	in	Space	
•  @Future	Hadronic	Colliders	
•  To	avoid	thermal	runaway	
future	sensors	must	be	
operated	well	below	0	°C	è	
ideally:	-20	°C	

•  Sensor+chip	will	dissipate	≈	
W/cm2	

•  A	very	efficient	cooling	
system	is	needed	

•  Important	constraint:	very	
low	material	budget		
(	<	1%	X0	envisaged	)	

•  Space-Born	experiments	
•  Silicon	detectors	require:	
•  a	high	degree	of	temperature	
homogeneity	across	the	
apparatus	

•  a	cooling	system	capable	of	
working	for	several	years	
without	possibility	of	
intervention	during	the	space	
mission		
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Promising	solution:		
micro-channel	based	cooling	using	CO2	



Evaporative	CO2	in	silicon	µ-channels	
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Advantages of  evaporative CO2  
microchannel cooling in silicon 

!  Microchannels in Silicon 

!  Cooling fluid is 
immediately 
underneath the heat 
source 

!  Low mass – The 
cooling substrate is 
also the mechanical 
support 

!  No mismatch of  
expansion 
coefficients 

04/09/14 PIXEL2014 7 

!  CO2 

!  High latent heat 

!  Low viscosity 

!  Non-toxic and 
environment 
friendly 

!  Chemical inert 

!  Radiation hard 

!  Evaporative Cooling 

!  Isothermal (low 
temperature 
gradient) 

!  Easy to control by 
regulating the 
pressure 

!  Very Stable: 
Temperature is 
quite insensitive to 
the variation of  
heat load 

Oscar	Augusto	on	behalf	of	the	VELO	Group	and	CERN	PH-DT	

LHCb	



Scalloping	
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Bosch	process	



Scalloping	
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Boiling	
influenced	by	

surface	
roughness	



Ceramic	connectors	(and	microchannels)	

Silicon	micro-channels	

Ceramic	connector	
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