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T. Rohe
Sensor Concepts for Pixel Detectors in HEP

2Pixel 2002 Carmel, Sept. 9−12, 2002

Introduction

R&D of hybrid pixel 
detectors is usually 
concentrated on

readout chip
bump bonding

as the most crucial issues. 

Further

a typical readout chip contains ~ 500k transistors
a sensor "just" ~ 50k diodes 

13.10.2009D. Pitzl (DESY):  CMS Pixel Detector !
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Sensors
• n+ in n (oxygenated Si) 
• wafer size (Ø 10 cm)
• ~200-250 µm thick

Electronics - Chip
• chip size limited by yield ~1-2.5 cm2

• wafer size (Ø 20 cm)
Hybridization

• PbSn or Indium bumps (wafer scale)
• IC wafers thinned after bumping to ~180 µm
• ‚flip-chip‘ to mate the parts
• ~3000 bumps/chip, ~50000 bumps/module

Hybrid Pixel Assembly
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Mara Bruzzi, Danno da radiazione in semiconduttori
Scuola Nazionale rivelatori ed elettronica per fisica delle alte energie , astrofisica  21 Aprile  2009, Legnaro, Italy 

Typical solar cell module is composed of n+/p/p+ junctions made on Silicon,  used in 
photovoltaic mode. The built-in electric field leads to the separation of the charge 
carriers that are released by light. Silicon cells are approximately 10 cm by 10 cm large 
(recently also 15 cm by 15 cm). A transparent anti-reflection film protects the cell and 
decreases reflective loss on the cell surface.

Solar cells
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Solar cells
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Arrays if single diodes: I and IID detectors

23

Mapcheck2, by Sun 
Nuclear corp.

Sensor: n-type diode, Pt doped;
Detectors active area: 0.64mm2;
Active volume: 0.019mm3;
Sensitivity: 32nC/Gy;

Sensor: p-type;
Diode spacing: 5mm;
Detectors active area: 3mm2;
Sensitivity: 35nC/Gy;

IBA dosimetry LDA99.

Space resolution is high, but granularity is limited by assembling difficulties.

Radiation Detectors and Signal Processing - II. Signal Formation Helmuth Spieler
Univ. Heidelberg, 10-14 Oct. 2005 LBNL

53

Detector diodes are usually
asymmetrically doped. The starting
material (bulk) is lightly doped and the
junction is formed by diffusing or ion-
implanting a highly doped layer.

The external connection to the lightly doped bulk is made by an additional highly doped layer of the
same type (non-rectifying, “ohmic” contact).

• The depletion region then extends predominantly into the lightly doped bulk.

Other details:

The guard ring isolates the wafer edge (saw cut) from the active region.

In the gap between the detector electrode and the guard ring it is critical to provide a neutral interface at
the silicon surface to prevent formation of a conductive path.

This is best accomplished by oxide passivation (SiO2).

300 mµ
~ 1 mµ

~ 1 mµ

GUARD RING

OHMIC CONTACT

JUNCTION CONTACTOXIDE

Si BULK

Si cella solare 

Si dosimetro 
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Rivelatori sensibili alla posizione 

�  Dal diodo planare ai rivelatori strutturati 

April 12, 2011 4 

Processi litografici 
Segmentazione della 
giunzione 
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Rivelatori segmentati 

� Esempio di rivelatori a strips : impiantazioni e strati 
principali 

April 12, 2011 5 

57 

Implementation of strip detectors 

p-strips on n-bulk 

0.1 pm 

n-strips on p-bulk 

silicon surface is naturally n-type 

+ 
(dangling bonds at lattice boundary) 

isolation structures required to block conducting path 
between n-strips (for example, intermediate p-strips) 

0.1 pm 

Strip detectors can be fabricated with integrated coupling capacitors 
and bias resistors (e.g. polysilicon). 

Semiconductor Detectors 
SLUO Lectures on Detector Techniques, October 23, 1998 

Helmuth Spieler 
LBNL 

57 

Implementation of strip detectors 

p-strips on n-bulk 

0.1 pm 

n-strips on p-bulk 

silicon surface is naturally n-type 

+ 
(dangling bonds at lattice boundary) 

isolation structures required to block conducting path 
between n-strips (for example, intermediate p-strips) 

0.1 pm 

Strip detectors can be fabricated with integrated coupling capacitors 
and bias resistors (e.g. polysilicon). 

Semiconductor Detectors 
SLUO Lectures on Detector Techniques, October 23, 1998 

Helmuth Spieler 
LBNL 

Bulk di tipo n Bulk di tipo p 
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Disegno non in scala 

Bulk: n-type 

Impianti: ohmico 

Ossido 

Contatti 

Impianti:  
giunzione 

Contatti 

�  I dettagli geometrici di ciascun componente sono 
finalizzati alle prestazioni di rivelazione 

Ossido  
protezione 
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Caratteristica Corrente-Tensione (Leakage current) 

�  La tecnologia attuale 
permette di costruire rivelatori 
al Si su wafer con diametro di 
6” con densita di  leakage 
current  pari a100-150 nA/cm2 
registrata a tensione di bias 
elevata (500V) 

�  E` questo il livello di qualita su 
cui si sono costruiti gli apparati 
che gli esperimenti ai presenti 
colliders e raggiunto con la 
tecnologia di crescita  dei 
lingotti con metodo Fz n-type. 

April 12, 2011 7 

Radiation Detectors and Signal Processing - II. Signal Formation Helmuth Spieler
Univ. Heidelberg, 10-14 Oct. 2005 LBNL
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The p-n junction is asymmetric with respect to current flow (diode).

a) forward bias

positive supply connection ! p contact

negative supply connection ! n contact

" large current flow

Diode current vs. voltage = #/
0( 1)eq V kTI I e

(Shockley equation)

b) reverse bias

positive supply connection ! n contact

negative supply connection ! p contact

" small current flow
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Capacità di bulk e drogaggio effettivo 

�  Da accesso alla densita di carica 
spaziale (doping del bulk) 
�  valore tipico del doping del bulk 

poco drogato ~1012 atomi/cm3 

April 12, 2011 8 

Radiation Detectors and Signal Processing - II. Signal Formation Helmuth Spieler
Univ. Heidelberg, 10-14 Oct. 2005 LBNL
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The capacitance vs. voltage characteristic of a diode can be used to determine the doping concentration

of the detector material.

2( )
e

b bi

q NC
A V V

!
=

+

In a plot of (A/C)2 vs. the detector bias voltage Vb the slope of the voltage dependent portion yields the
doping concentration N.

Example: Si pad detector, A= 1 cm
2
, 100 µm thick
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Curva per un diodo:  
area 1 cm2 e spessore attivo100 µm 
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Rivelatore al silicio, micro-strip: sezione 

�   CAC = capacità di 
diasccoppiamento AC-DC  
�  Realizzata con Ossido sottile 

SiO2- Si3 N4 
�  -10  pF/cm (ν-> 0) 

�  Cnb (Cpb)  = capacità degli 
impianti verso il lato 
Ohmico  (bulk) 

�  ~0.1 pF/cm 

�  Cn n (C np) = capacità   
interstrip, o tra gli impianti 
nel lato giunzione 
�  dominante per il carico 

capacitivo all`amplificatore 
di carica 
�  ~1 pF/cm (νFE-DAQ) 

April 12, 2011 9 

Cnb = !0!si
p
d

1

1+ p
d
f (w / p)

pF / cm

Cnn = [0.03+1.62
w+ 20µm

p
]pF / cm

R. Lipton
March 1,8 2000

Electronics and readout - Capacitance

Capacitances:
Cac = coupling capacitance

~10pf/cm dependent on thickness and composition of 
dielectric.  

Thin oxide - larger coupling capacitance, large 
signal, lower Vb, more fragile structure

Cb = backplane capacitance
~0.1 pf/cm - due to parallel plate front-back coupling, 
dependent on depletion

Ci = interstrip capacitance
~ 1 pf/cm - usually dominant preamplifier load. 
Dependent on detector layout, surface and oxide 
charges, irradiation.  Is larger for n-side due to p-stop 
coupling.  Also larger for double metal devices 

Valori   tipici per rivelatori a micro strips: 
 dipendono dalle geometria degli impianti 
 e dalle caratteristiche dell’ossido.  
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Rivelatore di silicio segmentato : il segnale 

�  Segnale generato da una particella carica che attraversa il rivelatore  

April 12, 2011 10 
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Principio di funzionamento di un rivelatore al Si 
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Il rivelatore Si, un diodo sofisticato inversamente polarizzato, che 
fornisce tramite la carica raccolta sulla struttura segmentata 
un'informazione posizione delle particelle che lo attraversano. 

April 12, 2011 11 
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Segnale indotto in un rivelatore a strips 

�  Segnale dato non dal conteggio delle cariche ma dalla corrente 
�  Pensiamo ad una carica generata lontana dalla parte strutturate 

(strips) che si muove verso le strips 

April 12, 2011 12 

Front-End Electronics Systems for Particle Detection and Imaging – Signal Formation and Acquisition Helmuth Spieler

2008 IEEE Nuclear Science Symposium LBNL

7

Induced Signal Currents in a Strip Detector

Consider a charge originating near the upper contiguous electrode and drifting down
towards the strips.

The magnitude of the induced current due to the moving charge depends on the coupling
between the charge and the individual electrodes.

Mathematically this can be analyzed conveniently by applying Ramo’s theorem.
(Chapter 2, pp 71-82)

Initially, charge is induced
over many strips.

As the charge approaches
the strips, the signal
distributes over fewer strips.

When the charge is close to
the strips, the signal is
concentrated over few strips

Inizialmente la carica 
induce segnale su molte 
strips, ma essendo lontana 
da esse il segnale e   
basso 

Durante il moto di deriva il 
segnale indotto si 
concentra su poche strips 

In prossimita del piano 
strutturato la carica e` 
indotta in poche strips, in 
questa regione si ha 
l`effetto maggiore 

�  La grandezza della corrente indotta (che rappresenta il nostro 
segnale disponibile) dipende dall`accoppiamento della carica in 
moto di deriva  con ciascun elettrodo 
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Induzione sugli elettrodi 

�  Rivelatore segmentato (strip/pixel) 

April 12, 2011 13 

defined here as the ratio between induced and
generated charge. The effect of trapping can be
clearly seen by comparing Fig. 2b and c where
trapping is not considered in the simulation.

If all the pixels are connected to the same
amplifier, then such a circuit is equivalent to the
diode. Therefore, the sum of the charges induced
in all the pixels should equal that of the diode

ARTICLE IN PRESS

Fig. 1. (a) A schematic picture of the simulated segment of the ATLAS pixel detector (pixel dimensions of 400! 50 mm2Þ: The hit pixel
for which the Uw was calculated is shaded. Neighbors are denoted by the corresponding numbers. (b) The weighting potential along the
axis through the center of the hit pixel and through the center of the two closest neighbors. For comparison Uw of a diode is also
shown.
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Fig. 2. Simulated induced current in 280 mm thick ATLAS pixel detector for a track traversing the detector through the pixel center:
(a) before irradiation; contribution of the electrons drift to the induced charge is denoted by Qe=Q; (b) after irradiation, (c) after
irradiation and trapping excluded in the simulation and (d) induced current in the first neighbor. Note that for easier reading of the
plots the sign of the induced current in the nþ–n detector is reversed.

G. Kramberger, D. Contarato / Nuclear Instruments and Methods in Physics Research A 511 (2003) 82–8784

hehe

ww

tr

r
w

t

t
w

t

t

QQQ
rUrUqQ

rdEqdtEvqIdtQ

+=

−=

===

−

==
∫∫∫

)]()([ 0

)(

00 0







280 µm 
hole 

electron 

p+ 

n+ 

0
1
0

=

=

=Δ

w

w

w

U
U
U

sensing electrode 

all other electrodes 

Weighting field 

Ele
ttro

d
o

 d
i le

ttu
ra

 n
+

 



Danno macrospopico sui rivelatori 

INFN Legnaro 

Sviluppo temprale del segnale striscia  

�  In realtà 
dobbiamo 
aggiungre anche  
un termine di 
trapping  

April 12, 2011 14 

Front-End Electronics Systems for Particle Detection and Imaging – Signal Formation and Acquisition Helmuth Spieler

2008 IEEE Nuclear Science Symposium LBNL

8

Current pulses in strip detectors (track traversing the detector)

The duration of the electron and hole pulses is determined by the time required to traverse
the detector as in a parallel-plate detector, but the shapes are very different.
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λe,h=µe,h τeff e,h E  rappresenta la lunghezza di raccolta di carica 
 
In silicio non danneggiato e di buona qualità: 
τeff e = 10 ms 
µe = 1350 V/cm s2  
per un Vbias tale che E~104 V/cm  λ~ 104 cm   

I = q!v
!
Ew

�  Il segnale piu 
veloce e` dovuto 
agli elettroni 

�  La predominanza 
del segnale 
dipende dal tipo 
di bulk 
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Segnale di particella carica  

�  Un a particella carica al minimo della ionizzazione 
(m.i.p.) rilascia  in Si ~390 eV/µm e produce circa 108 
coppie (e,h)/µm di spessore attraversato. 

�  Per un rivelatore di spessore 300 µm signifca che 
possiamo raccogliere in media 32000 coppie primarie.  

April 12, 2011 15 

Measurements – V. Detector Systems Helmuth Spieler
2002 ICFA Instrumentation School, Istanbul LBNL

28

Required Signal-to-Noise Ratio

Acceptable noise level established by signal level and noise
occupancy

1. Signal Level

For minimum ionizing particles:  Qs= 22000 el (3.5 fC)

Signals vary event-by-event according to Landau distribution
(calculation by G. Lynch)

Si :  40 µm thick Si :  300 µm thick

Relative width of distribution decreases with increasing energy loss.

�  In realta la carica raccolta fluttua  
�  secondo una distribuzione di 

Landau  
�  statistica della creazione di coppie 
�  variazione della ionizzazione 

primaria 
�  pertanto il segnale piu probabile 

sarà invece pari a 23000 coppie 
(e,h) corrispondenti a 3.5 fC 

�  Il segnale rivelabile deve essere 
misurato in temini della carica 
raccolta in assenza di segnale di 
particella , cioe il noise 



Danno macrospopico sui rivelatori 

INFN Legnaro 

Segnale minimo 

�  La distribuzione di Landau ha il picco al valore piu 
probabile (MPV) della energy loss Q0 (3.5 fC  per 300 
µm di spessore) e si estende fino a 0.5 Q0  se vogliamo 
una efficienza del 99% sul segnale stesso. 

�  Assumiamo che l`energia minima rilasciata dalla 
tracce cariche sia      fLQ0  

�  Una traccia carica che attraversa un silicio 
segmentato deposita carica su piu elettrodi (sharing) 
quindi la carica minima a cui dobbiamo essere 
sensibili è Q min ~ fshfL Q0  

 
�  Possono presentarsi 2 casi  

�  Se lo sharing è trascurabile fsh   =1,  Q min= 1.75 fC 
�  Se invece il sistema opera per una risoluzione in posizione 

ottimale dovremmo avere un equo-sharing tra elettrodi  
vicini  quindi ad esempio  fsh   = 0.5,    Q min= 0.85 fC 

April 12, 2011 16 
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Soglia per il rumore 

�  Sicuramente Q min    > Soglia = n  Q noise ( n=4-5 )   in modo da 
essere lontani sulla coda della gaussiana della distribuzione   
di rumore 

�  Per sopprimere falsi segnali di particella  
�  Soglia = n  Q noise  + dispersione 

�  per strips  
�  Q noise  ≈ 600+C*40 ≈ 1100e-  n = 4   

�  Soglia ≈ 4500 e- (0.7 fC) 

�  Per pixel in versione Hybrid 
�  Q noise  = 260e- , δThr = 40 e-  n = 5   

�  Soglia ≈ 1,300e- 
�  La soglia effettiva tiene conto  anche di variazioni /correlazioni 

della elettronica di read-out pertanto si assume una valore tipico 
di 2500-3000 e- (0.5 fC) 

 

April 12, 2011 17 



Danno macrospopico sui rivelatori 

INFN Legnaro 

Tolleranza al danno da radiazione: presente 

�  I collider ad alta anergia (LHC) determinano il 
limite massimo della radiation tolerance 

April 12, 2011 18 

Alla luminosita istantanea di progetto  
di LHC 1034 cm-2 s-1 abbiamo   
40 milioni di eventi al secondo simili  
a questo con circa 1000 tracce 

Carica: 2 1015  
(1 MeV neq/cm2 ) 

Neutra: 2 1014  
(1 MeV neq/cm2 ) 

Dose:   
106 Gy  

Alla fluenza integrata  500 fb-1 (prevista per 10 anni di funzionamento) 
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Tolleranza al danno da radiazione: futuro 

�  La fase II di LHC (SLHC) 
prevede un aumento della 
luminosita istantanea,  
realisticamente,  a  

    5.4 1034 cm-2 s-1  

 

April 12, 2011 19 

• SLHC (Phase II upgrades) 
 
aLHC (2009)  L = 1034cm-2s-1 
 

                            φ(r=4cm) ~ 3·1015cm-2   
 
 
 

    aSuper-LHC (2020 ?) L = 1035cm-2s-1   
 

                                   φ(r=4cm) ~ 1.6·1016cm-2   
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Danno da Radiazione Macroscopico in Rivelatori a 
Semiconduttore 
Parte II 
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Danno da radiazione: N.I.E.L.  

� Fatti 
fondamentali 

April 12, 2011 21 

� Simulazione 
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Impact of Defects on Detector Properties  

� Come il danno da radiazione agisce sul materiale 

April 12, 2011 22 

Mara Bruzzi, Danno da radiazione in semiconduttori
Scuola Nazionale rivelatori ed elettronica per fisica delle alte energie , astrofisica  21 Aprile  2009, Legnaro, Italy 

!"#$%&'()'*+)+%&,'(-'*+&+%&(.'#.(#+.&/+,
ShockleyShockley--ReadRead--Hall statistics Hall statistics 

(standard theory)(standard theory)

Impact on detector properties can be calculated if all defect paImpact on detector properties can be calculated if all defect parameters are known:rameters are known:
n,pn,p : cross sections          : cross sections          E  :  ionization energy                  E  :  ionization energy                  NNtt :  concentration:  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

enhanced generation
leakage current
space charge 

InterInter--center chargecenter charge
transfer model transfer model 

(inside clusters only)(inside clusters only)

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



Danno macrospopico sui rivelatori 

INFN Legnaro 

Sommario degli effetti del danno 
�  Bulk (Crystal) damage due to Non Ionizing Energy Loss (N.I.E.L.) 

�  displacement damage, built up of crystal defects- affects:  
�  I.  leakage current 
�  II.  effective  bulk doping concentration  
�  III.  charge carrier trapping 
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Abbiamo dimenticato una parte della energia  
�  Bulk (Crystal) damage due to Non Ionizing Energy Loss (N.I.E.L.) 

�  displacement damage, built up of crystal defects- affects:  
�  I.  leakage current 
�  II.  effective  bulk doping concentration  
�  III.  charge carrier trapping 
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�  Surface damage due to Ionizing Energy Loss (I.E.L.) 
�  accumulation of charge in the oxide (SiO2) and Si/SiO2 interface 

affects:   
�  Inters-trip capacitance  
�  Breakdown  
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Abbiamo trascurato la dipendenza dal tempo 
�  Bulk (Crystal) damage due to Non Ionizing Energy Loss (N.I.E.L.) 

�  displacement damage, built up of crystal defects- affects:  
�  I.  leakage current 
�  II.  effective  bulk doping concentration  
�  III.  charge carrier trapping 

April 12, 2011 25 

All these effects are not stable: they evolve as a function of time 
and temperature. 
Impact on detector performance ad detected signal.  

�  Surface damage due to Ionizing Energy Loss (I.E.L.) 
�  accumulation of charge in the oxide (SiO2) and Si/SiO2 interface – 

affects:   
�  Inters-trip capacitance  
�  Breakdown 
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Danno da radiazione : Leakage current(I-V) 

�  Livello di qualita di sensori  Fz n-type. Area 
del sensore a micro strips  circa 100 cm2, il 
95 % registra meno di 10 µA,  entro I limiti di 
di  leakage current  pari a100-150 nA/cm2  
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�  Anche nel caso di materiale di 
partenza piu esotico (MCz-n) i 
risultati sono paragonabili. 

All parameters needed to perform the tests and
the analysis are stored in an input file, which is
centrally maintained at the Vienna QTC and, in
case of agreed changes, re-distributed to all QTCs.
The results of a quality control test on a sensor is
written into a XML file which is inserted into the
CMS Tracker database.

The electrical characterization consists of two
global (IV, CV) and four strip-by-strip ðIstrip; Rpoly;
Idiel; CAC) tests. The electrical characterization is
performed in a clean room with controlled
temperature and humidity:

* IV: measurement of the total leakage current of
the sensor from 0 to 550 V reverse bias. The
current is measured between the backplane and
bias line, keeping the guard-ring floating, in
steps of 5 V=s: The leakage current must fulfill
three criteria: (1) maximum value at 300 V less
than 5 mA; (2) maximum value at 450 V less
than 10 mA; (3) maximum increase in the range
450–550 V less than 10 mA:

* CV: measurement of the total capacitance of
the sensor from 0 to 350 V reverse bias. The
capacitance is measured between the backplane
and bias line, keeping the guard-ring floating, in
step of 5 V=s; at a frequency of 1 kHz: From
this measurement it is possible to extract the
depletion voltage of the sensor and to check its
thickness.

Strip-by-strip tests are performed at a bias
voltage of 400 V; and are aimed at the
identification of defective strips. The limit on
the total number of defective strips per sensor is
1%. All four strip-by-strip tests are performed
in the same scan, by contacting DC and AC
pads simultaneously and by switching between
different measurements.

* Istrip: The leakage current of each strip is
measured in order to identify leaky (i.e.
noisy) strips. The limit on the strip current is
100 nA:

* Rpoly: The value of each polysilicon resistor
connecting strips to the bias line is measured.
We require that each resistor value is
1:570:5 MO: Within a single sensor we also
require a uniformity of 70:3 MO with respect
to the average value of Rpoly for that sensor.

* Idiel: This measurement is devoted to the
identification of pinholes. We apply 10 V at
the coupling capacitor of each strip and
measure the current across it. When the
capacitor is good the current equals the
noise of the set-up (of the order of a pA). If
Idiel exceeds 1 nA; the strip is classified as
defective.

* CAC: The value of the coupling capacitor for
each strip is measured. This is again a check for
pinholes and monitors the uniformity of the
oxide layer. The measurement is performed in
such a way that it can also detect metal shorts
between neighboring strips, in fact the capaci-
tance is measured between two adjacent DC
pads shorted together and the corresponding
central AC pad. In that way shorted strips are
measured as two capacitors in parallel and the
resulting value is twice the correct one. The
measurement is performed at a frequency of
100 Hz:

Up to now about 1200 sensors of different types
have been delivered by the two companies (STM
and HPK) and were tested in the four QTCs. The
aim of this paper is not to give a complete
summary of test results, so just a few plots of the
most significant results will be showed. Fig. 6 show
the distribution of the total current measured at
450 V for all sensors tested up to now. Despite the
differences in geometry, thickness and resistivity,
all sensors are produced from 600 wafers and are of
similar area, so that their total current can be

ARTICLE IN PRESS
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Fig. 6. Total current at 450 V:

J.-L. Agram et al. / Nuclear Instruments and Methods in Physics Research A 517 (2004) 77–9384

�  La differenza tra I due sensori : tecnica di crescita del 
lingotto e contenuto di atomi di [Oi] (atomi/cm3) 

�  Fz  ~ 5 1015  
�  MCz ~ 8-9 1017 

CMS 1200 sensori : 
I(450V) a T=20o 
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Danno da radiazione : Leakage current(I-V) 
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•  L`incremento osservato è: 

•  proprozionale alla 
fluenza  alla fluenza 
integrata  

(riferita ad 1 MeV neq/cm2) 
 

•  indipendente dal 
materiale di partenza  

�  Come conseguenza del danno da radiazione si osserva un 
aumento della corrente  
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) FZ & MCz n-type micro-strip sensors 

4 x 1013 1 MeV neq/cm2  

7 x 1014 1 MeV neq/cm2  

1.2 x 1014 1 MeV neq/cm2  

5 x 1014 1 MeV neq/cm2  

Rivelatori a micro strips, 300 µm, <100>, 
pitch 50-100 µm. 
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Dipendenza da t(s) e T(oC):  Beneficial Annealing 

�  Corrente misurata in 
condizione di rivelatore 
svuotato 

�  Dipende in maniera 
banefica dalla storia in 
tempo e temperatura 
seguita dopo il danno da 
riadiazione  

Michael Moll – Legnaro, 21.April 2009     -10-

Radiation Damage – II. Leakage Current

!"!! !"!# !"!$ !"!% !"!&

'()*+,
-#.

!"-/

!"-&

!"-%

!"-$

!"-#

!"-!

0)
1)2
)))
*3
1+
,
$ .

4-567')89)-):)5;)#&)< +,
4-567')89)-):)< +,
4-567')89)-)%)< +,
4-567')89)-)$)< +,

4-567')89)-):=") +,
4-567')89)-)%!") +,
4-567')89)-)!$") +,
4-567')89)-)!!") +,
4-567')>9)-)!%") +,

7-567')?@0)-)#)A4B)%)< +,

7-567')?@0)-)$=") +,

*CDC;EE)@FG)HF'IJI.*CDC;EE)@FG)HF'IJI.

Damage parameter (slope in figure)

Leakage current
per unit volume

and particle fluence

is constant over several orders of fluence
and independent of impurity concentration in Si

can be used for fluence measurement
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80 min 60 C

Change of Leakage Current (after hadron irradiation)
…. with particle fluence:

Leakage current decreasing in time 
(depending on temperature)
Strong temperature dependence

Consequence:
Cool detectors during operation!
Example:  I(-10°C) ~1/16 I(20°C)
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Sovrapposizione di esponenziali  
decrescenti con costanti tempo da  
brevi (~10 min) a lunghe (~104 min) 
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� La corrente di bulk è proporzionale alla fluenza ed 
al volume, definta come frazione svuotata del 
sensore 

Michael Moll – Legnaro, 21.April 2009     -10-

Radiation Damage – II. Leakage Current
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Change of Leakage Current (after hadron irradiation)
…. with particle fluence:

Leakage current decreasing in time 
(depending on temperature)
Strong temperature dependence

Consequence:
Cool detectors during operation!
Example:  I(-10°C) ~1/16 I(20°C)
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Strategia : 
Rivelatori piu sottili 
Rivelatori raffreddati  
Esempio :  I(-10°C) ~1/16 I(20°C) 

Estrapoliamo alla fluenza  
massima prevista 
1.6 1016 1 MeV neq/cm2 

!I(t,Ta )
V

=!60/80 •"eeq # 0.64A / cm
3



Danno macrospopico sui rivelatori 

INFN Legnaro 

Danno da radiazione: Drogaggio efficace 

� Abbiamo accesso al drogaggio del bulk (Neff) 
tramite la misua CV 

April 12, 2011 30 

VDEP =
ed 2 NEFF

2!

Radiation Detectors and Signal Processing - II. Signal Formation Helmuth Spieler
Univ. Heidelberg, 10-14 Oct. 2005 LBNL

56

The capacitance vs. voltage characteristic of a diode can be used to determine the doping concentration

of the detector material.

2( )
e

b bi

q NC
A V V

!
=

+

In a plot of (A/C)2 vs. the detector bias voltage Vb the slope of the voltage dependent portion yields the
doping concentration N.

Example: Si pad detector, A= 1 cm
2
, 100 µm thick

2
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�  La misura è resa complicata da molti fattori: 
�  Valore della fluenza, risposta in frequenza dei difetti, 

temperatura,……. 

Legenda 
Φ = 0 
Φ= Φ1< Φ2 
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Drogaggio efficace del bulk dopo irraggiamento 

�  Il VDEP  misurato per 
dispositivi tipo-n Fz mostra 
una dipendenza 
complicata dalla fluenza 

�  Fenomeno della SCSI after inversion 

before inversion n+ p+ n+ p+ 
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Mara Bruzzi, Danno da radiazione in semiconduttori
Scuola Nazionale rivelatori ed elettronica per fisica delle alte energie , astrofisica  21 Aprile  2009, Legnaro, Italy 
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Pixel Sensors in the LHC radiation environment
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type inversion

n-type "p-type"

[M.Moll: Data: R. Wunstorf, PhD thesis 1992, Uni Hamburg]
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Dipendenza da ρ iniziale del bulk  
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Doping efficace del bulk : funzione di  t(s) e T(oC) 

�  Tempi brevi :  
�  Annealing benefico 
�  Tempi lunghi :  
�  Annealing inverso 

�  La costatnte tempo 
dipende dalla temperatura 
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Scenario sperimentale: evoluzione VDEP 

� Approssimiamo il danno con la parte “stabile”  

� La combinazione di annealing e tempi di 
irraggiamento dipende fortemente dalla strategia 
sperimentale adottata 

� Caso del tracciatore  
di ATLAS 
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p+-n-type Fz bulk, inversione di tipo: conseguenze 
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Pixel Sensors in the LHC radiation environment
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inverted to “p-type”, under-depleted: 

•  Charge spread – degraded resolution 

•  Charge loss – reduced CCE 

non-inverted, under-depleted: 

• Limited loss in CCE 

• Less degradation with under-depletion 

After heavy irradiation 
Contribution of charge carrier from cut edge 
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p+-n-type Fz bulk, inversione di tipo: doppia giunzione 

�  Dominant junction close to n+ readout strip for FZ n+-in-p 
�  For MCZ p+-in-n even more complex fields have been reported: 

�  no “type inversion”(SCSI) = dominant field remains at p implant 
�  “equal double junctions” with almost symmetrical fields on both 

sides 
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For MCz the curve Vdep vs fluence has a 
minimum, but it does not go to 0 as for STFZ  
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p+-n-type bulk,non-inversione di tipo: conseguenze 
�  Example: 50 µm thick silicon detectors: 

- Epitaxial silicon (50Ωcm)  and  Thin FZ silicon  (4KΩcm) 

•  FZ silicon:            Type inverted, increase of depletion voltage with time 
•  Epitaxial silicon: No type inversion, high content of [Oi] [O2i], decrease of 

depletion voltage with time 
     ⇒ No need for low temperature during maintenance of  SLHC detectors! 

[E.Fretwurst et al.,RESMDD - October 2004] 
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n+-p-type bulk, “non”  inversione di tipo 
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n-on-p silicon, under-depleted: 

• Limited loss in CCE 

• Less degradation with under-depletion 

• Collect electrons (3 x faster than holes) 

p-type silicon after high fluences:  

- remain p-type 

- acceptor defects increase VDEP 
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n+-n-type bulk, inversione di tipo: utile 
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Before type inversion 
- Charge spread 
-  Charge loss 
-  detector need to be over-depleted 

 

After type inversion 
- limited loss in Charge 
- less degradation with under deletion  
- Detector can be operated under depleted 

After heavy irradiation, contribution of charge carrier from 
cut edge 
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Stabilita  dopo irraggiamento 

�  A seguito del danno da radiazione si registra nel bulk un aumento di 
�  Corrente oscura 
�  Trappole  e difetti strutturali 
�  V bias necessario a raccogliere la carica primaria 

�  Ma un rivelatore dopo irraggiamento e` stabile ? 

�  Serve un buon modello: il campo  elettrico all`interno del bulk è complicato, 
potrebbe raggiungere localmente il valore limite per breakdown ~30V/µm 

�  I difetti introdotti possono essere luoghi in cui il campo elettrico diventa 
critico   

�  il campo elettrico potrebbe diventare localmente  critico in zone difettose 
presenti gia prima del danno 

�  Iniezione di corrente dalla zona di taglio  

�  In ogni caso  dobbiamo operare ad alto tensione di polarizzazione 
inversa cercando di limitare la potenza dissipata 
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Modello teorico: instabilità termica 

�  La corrente di leakage 
dipende dalla 
temperatura 

�  Ad una data tensione 
verra dissipata potenza 
pari a V x I 

�  Come conseguenza la 
temperatura del cristallo 
aumenta 
�  Questo implica un 

ulteriore aumento della 
corrente di leakage 

�  Circolo con feedback 
positivo che puo 
diventare critico 
�  Conseguente instabilità 

del sensore 
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Apparato sperimentale : Run-away 
I X Vbias 

Cooling pitch 
Tc Tc 

-First approximation of a module with  
 perfect cooling and no convection 
-Perfect cooling contact bridge 
-End  of SLHC lifetime & Vbias 600V  

Power dissipated 
 by sensors 

Run away  
Instability lines 

Φ = 1.4 1016  

Φ =3.2 1015  

Φ =3.4 1014 
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I.E.L.:  Danno dell`ossido : effetti sulla superficie 

� Dipende dalla qualita dell’ossido interstriscia 
�  Interfaccia Si02/Si 
�  Ossido 

� Orientazione del cristallo <111> <100> 
�  Presenza dei dangling bond, siti in cui  
Il legame covalente non e` saturato 
  

� Dipende dalla  
�  geometria degli impianti (pitch e strip width) 
�  geometria delle strutture MOS presenti  
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I.E.L.:  Danno dell’ossido: effetti sulla superficie 

� Nel SiO2 la mobilità delle cariche negative è più 
grande di quella delle cariche positive 
�  Si osserva sperimentalmente un accumulo di carica 

positiva a seguito del danno 
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Fig. 3. Effect of the total dose on the density of the oxide charge Qox/q for four different wafers: (a) n-type FZ; (b) p-type FZ high-dose; (c) p-type MCz
high-dose; and (d) p-type MCz low-dose. Data at the same dose indicate annealing. For the largest dose point, the highest value is right after irradiation,
the second highest right after 1 week of room temperature annealing and the third and fourth highest each after an additional 1 week annealing at 60 1C,
respectively.
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H.F.-W. Sadrozinski et al. / Nuclear Instruments and Methods in Physics Research A 579 (2007) 769–774772

� Misuriamo l’effetto cumulativo, che mostra 
�  Saturazione a ~ 1012/cm3 

�  Annealig benefico 

1 sett a 20o 

1 sett a 60o 
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I.E.L.:  Danno dell’ossido: breakdown 
�  L`accumulo della carica positiva 

nell`ossido a seguito del danno 
modifica la configurazione 
elettrostatica della superficie 
�  Isolamento tra le strisce 
�  Campo elettrico tra gli impianti 

�  Piu sensibili nel caso di strisce isolate 
tramite impianti come in n+-p o n+-n 
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Fig. 6. p-spray potential versus bias voltage for structures with and without
field-plate on the strip.

Fig. 7. Electric field profile along a line running beneath the interface for struc-
tures with and without field-plate; case (a) medium-dose p-spray , case
(b) high-dose p-spray .

onset of the avalanche. This is more evident for the p-spray
dose because the depletion of holes in the silicon underneath the
field-plate is more pronounced. This is confirmed by the plots of
the electric field profile along a line running 0.1 m beneath the
silicon/silicon dioxide interface in the region aside the junction
(Fig. 7). More precisely, the fields of the reference structure with
and without metal overhang, both biased at the same voltage cor-
responding to of the structure not featuring the field-plate,
are represented. In case of a medium-dose p-spray (a) the elec-
tric field at the metallurgical junction is significantly reduced
whereas in case of a high-dose spray (b), the effect is by far less
pronounced, and, as a consequence, does not improve con-
siderably (see Fig. 6). It should be noted that adjusting the width
of the overhang and the oxide thickness beneath it, the profiles
in Fig. 3 can be tailored to optimize the breakdown voltage.

So far, the case of an “unirradiated” device has been consid-
ered, since the oxide charge was fixed to cm . During
the irradiation, increases, and, as in the field-plate case,
the p-spray is progressively depleted starting from the interface.
This process affects positively the breakdown performance be-
cause the field at the junction edge is lowered. The plots (a) and

Fig. 8. p-spray potential versus bias voltage for different oxide charge den-
sities. Case (a) refers to the medium-dose p-spray, case (b) to the high-dose
p-spray.

Fig. 9. versus bias voltage for structures with p-spray isolation. Dashed
lines represent the geometrical value at full depletion shown in Fig. 2.

(b) of Fig. 8 demonstrate this behavior. In particular, plot (a)
refers to the medium-dose p-spray case. The breakdown voltage
increases considerably even for low oxide charge densities and
the trend is maintained up to a value of cm . From
an inspection of the hole concentration distribution inside the
structure, it has been found that above this density level, the
p-spray results completely depleted and an inversion layer (elec-
trons) is formed. Thus, the curve labelled as 5 in Fig. 8(a) has no
meaning. On the other hand, the higher p-spray dose [Fig. 8(b)]
shows a very slow improvement of the breakdown voltage but it
properly functions up to the highest oxide charge density. De-
tails on the creation of the inversion layer are given in the fol-
lowing section.

B. Interstrip Capacitance

The interstrip capacitance is strongly affected by the presence
of a conductive layer between the strips because it alters the way
the two strips couple to each other. This effect is clearly visible
in Fig. 9 representing as a function of the bias voltage for
different strip widths. The three upper curves are extracted from

Authorized licensed use limited to: INDIAN INSTITUTE OF TECHNOLOGY KANPUR. Downloaded on July 10,2010 at 04:35:12 UTC from IEEE Xplore.  Restrictions apply. 

Simulazione 
dell`effetto Qox  
(danno da radiazione) 
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MCz n <100>   Fz n <111>  

MCz p High p spray MCz Low p spray 

OK 

Typical of 
<111> Si 

Slow saturation 
found for not 
irradiated 
sensors.Slightly 
improved after 
irradiation. 

pre irradiation values 
Recovered  

Cint 

Cback 

Ctot= Cback+ 2(Cint 1st + Cin 2nd +…) Total capacitance  
to input amplifier 
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I.E.L.: Capacità inter strip 

Φ2= 6 1013 <….<Φ9=1015 1 MeV neq/cm2 
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Il Segnale 

�  Alla fine quello che conta è quanta carica raccolgo 
�  Charge Collection Efficiency (CCE) 

�  Quanto il segnale è superionre al rumore 
�  Signal to Noise ration (S/N) 

�  Il danno prodotto della energia rilasciata nelle componenti 
I.E.L.  e  N.I.E.L. modifica (peggiora) la CCE ed S/N 

�  Concorrono:  

�  Trapping delle cariche primarie prodotte 
�  Svuotamento parziale del volume attivo 
�  inversione di tipo del bulk 
�  Tempo di raccolta di carica 
�  Geometria degli elettrodi 
�  Tipo di lettura 
�  …. 
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Cosa ci aspettiamo  

� Efficienza nella raccolta di carica (CCE) 
�  Effetto di saturazione con il V-bias 

� VDEP 

� Valore limite di Vdrift 
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Variazione del VCCE sat 
 
Effetto trappole: 
perdita della carica  
primaria (CCE<100%) 
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Trapping della carica in deriva 
�  Un rivelatore segmentato: 

�  La carica raccolta dagli elettrodi 
diminuisce per elettrodi che raccolgono 
cariche “lontane” 
�  Profilo del segnale agli elettrodi non 

uniforme  

�  Il segnale prodotto dipende dal Ew, 
campo che si modifica dopo 
irraggiamento 
�  La carica può essere intrappolata prima 

di aver raggiunto una regione in cui Ew è 
efficace 
�  Indipendente dal fatto che sia svuotata 
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�  Misure su dispositivi a pixel: 
�  Weigthing Field dopo il danno da radiazione si sovrappone 

solo parzialmente al campo elettrico derivante dalla 
polarizzazione 
�  L’effetto di induzione risulta diminuito e di conseguenza la carica 

raccolta all’elettrodo di lettura  
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P

pixel Qi ¼ Qdiode: Larger (smaller) charge induced
in the hit pixel compared to the charge induced in
the diode inevitably leads to charge of the opposite
(same) sign induced in the neighboring pixels.
This reasoning is confirmed by the simulation (see
Fig. 2d). The integral of the bipolar current pulse
induced in the first neighbor by the drift of charge
to the hit pixel does not vanish in the presence of
trapping. This effect is far more pronounced in
detectors with pþ pixels, due to the much larger
hole trapping. Incomplete charge collection due to
trapping has as a consequence a charge sharing
mechanism which can dominate over diffusion in
heavily irradiated detectors.

The reduction of the CCE represents a serious
danger for loss of the detection efficiency. The
charge induced in the electrode can become
comparable with the detection cuts applied to
reduce the noise occupancy of the electrode.
Therefore the nþ–n detectors are more appropriate
for operation in harsh radiation environments. In
addition, one may take advantage of the negative
signals induced on the neighbors to increase the
signal/noise ratio.

Irradiation increases the ohmic resistivity of the
undepleted bulk [18]. This has a large impact on
the operation of partially depleted detectors. The
back-plane contact is not at the border of the
depleted region as it is for a non-irradiated
partially depleted detector, where the non-depleted
bulk is conductive. The weighting field in an

irradiated detector is therefore the same for a fully
and partially depleted detector. The increase of
voltage not only increases the depleted region but
also the fraction of the weighting potential seen by
the drifting charge (see Fig. 3a). In case of a linear
weighting potential (diode) the induced charge
therefore depends linearly on voltage ðQpd $
dpUÞ: For Uw peaked at the electrode junction
(nþ–n detector) a dependence close to Qpdp

ffiffiffiffiffi

U
p

is obtained as the charge drifts over a larger part of
Uw: On the other hand, for detectors with the
junction growing from the back-plane (pþ–n
detector) the induced charge remains small as long
as voltages close to VFD are reached (see Fig. 3b).

As the aim of the simulation was to reveal the
properties of charge collection in irradiated silicon
detectors, the following results are shown only for
tracks passing through the center of the pixel as
illustrated in Fig. 1a.

3.1. ATLAS pixel detectors

The ATLAS pixel detectors will receive a fluence
of around Feq ¼ 1015 cm&2 coming mostly from
pions. As the effective trapping times at those
fluences become of the order of nanoseconds and
the weighting field is strongly peaked close to the
hit pixel, the contribution of the carriers generated
close to the back-plane to the induced charge
becomes smaller. This can be seen in Fig. 4a,
where the difference in the induced charge between
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Fig. 3. (a) Uw in an irradiated pixel detector of ATLAS geometry (thick dotted line). A hypothetical case where the undepleted bulk of
a partially depleted detector would be conductive is denoted by a thin dotted line—E and Ew in this case are equivalent to the ones in a
non-irradiated partially depleted pþ–n detector. For comparison, Uw of the diode is also shown (solid lines). (b) CCE dependence on
voltage for irradiated nþ–n; pþ–n and pad detectors. The lines denote the predicted dependence for the nþ–n and pad detectors.

G. Kramberger, D. Contarato / Nuclear Instruments and Methods in Physics Research A 511 (2003) 82–87 85
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Deterioramento dovuto al trapping 
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Michael Moll – Legnaro, 21.April 2009     -11-

Deterioration of Charge Collection Efficiency (CCE) by trapping
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where defects
heeff
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Radiation Damage – III. CCE  (Trapping)

Qe,h !Q0e,h
e
"
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! effe,h 1

! effe,h
!Ndefects " "e,h#eq

!ave,h =Vsate,h" effe,h

βe,h indipendente da :  resistivita bulk, tipo di bulk (n o p),  
tecniche di produzione del lingotto, contaminazioni [O] [C] 
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Trapping ad alta fluenza 

April 12, 2011 51 

electrons 

holes 

extrapolated values 

Valori estrapolati su un ordine su 
grandezza in fluenza 

Deficit di carica atteso 
Φ  (1015) 

1MeV neq/cm2 
Trapping time 

(ns) 
Collection length 

 (µm) 
Carge Collected 

(electrons) 

0.5 3.9 300 23000 

1 1.9 196 15000 

1.5 1.3 130 10000 

10 0.2 20 1500 

20 0.1 10 800 
),(, tTheβ

Probabilità di cattura diminuisce 
con la temperatura, ma anche 
la mobilità! 
L’operazione a bassa T non 
migliora CCE  

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) 297–305 303
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Dove siamo oggi e cosa prevediamo 
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Φeq [cm-2] 
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10000

15000

20000
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sig
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l [
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n-in-n (FZ), 285µm, 600V, 23 GeV p 
p-in-n (FZ), 300µm, 500V, 23GeV p
p-in-n (FZ), 300µm, 500V, neutrons

p-in-n-FZ (500V)
n-in-n FZ (600V)

M.Moll - 08/2008

References:

[1] p/n-FZ, 300µm, (-30oC, 25ns), strip [Casse 2008]
[2] n/n-FZ, 285µm, (-10oC, 40ns), pixel [Rohe et al. 2005]

FZ Silicon 
Strip and Pixel Sensors

strip sensors
pixel sensors

Strip sensors:  
   max. cumulated fluence for 
LHC  and  SLHC   

Pixel sensors:  
   max. cumulated fluence for     
LHC   and      SLHC   
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Come raccogliere il massimo del segnale 
�  Quello che conta è il campo elettrico che regola la deriva E ma 

anche il Weighting-field Ew legato alla geometria della segmentazione 
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n+ 

( )EEw


 small ( )EEw


 large

better  J 

p+ 

worse L 

Segmented readout 
diode 

Segmented readout 

good  K 
even worse: p+ readout 
(p+-n detector) 

even better: n+ readout 
(n+-p, n+-n detector) 

ww EEEE

⋅,,

�  Come ottenere il massimo segnale? 
�  utilizzo di n +-n o n+-p con passo <<spessore  

�  (si raccolgono elettroni e più efficacemente verso gli elettrodi)  
�  larghezza impianto paragonabile al passo  

�  (siamo cosi piu simili al diodo per  Ew, dipende elet FE -. capacità 
inter-elettrodo) 
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� Pixels di CMS : bulk n+-n , 270 µm spessore, 
segmentazione 100X150 µm2 
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FZ n-in-p microstrip detectors (n, p, π - irrad) 

�  n-in-p microstrip (p-type Fz) 
detectors (Micron, 280 or 300µm 
thick, 80µm pitch, 18µm implant, ~1cm 
strip lenght) 

�  Detectors read-out with 40MHz  
(SCT 128A) 

•  CCE: ~7300e (~30%)  
             after ~ 1×1016cm-2 800V 
 

•  n-in-p sensors are strongly considered  
for ATLAS upgrade 

[A.Affolder, Liverpool, RD50 Workshop, June 2009] 
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Annealing del danno sulla carica raccolta 
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6.8 x 1014cm-2 (proton - 800V)6.8 x 1014cm-2 (proton - 800V)

2.2 x 1015cm-2  (proton - 500 V)2.2 x 1015cm-2  (proton - 500 V)

4.7 x 1015cm-2 (proton - 700 V)4.7 x 1015cm-2 (proton - 700 V)

1.6 x 1015cm-2 (neutron - 600V)1.6 x 1015cm-2 (neutron - 600V)

M.MollM.Moll

[Data: G.Casse et al., NIMA 568 (2006) 46 and RD50 Workshops][Data: G.Casse et al., NIMA 568 (2006) 46 and RD50 Workshops]

•  no reverse annealing in CCE measurements 
for neutron and proton irradiated detectors 
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Raccolta (non omogenea) di dati sulla CCE 
�  Possibile uso del Si nella regione 5 1015 1 MeV neq/cm2, necessita di 

soluzioni innovative per la regione 1016  1 MeV neq/cm2 
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3

travel to the electrodes for charge collection. This

reduces trapping and lowers the bias voltage re-

quired for full depletion. Members of RD50 are

investigating a double-sided 3D design with alter-

nating rows of n- and p-type columns where the

n-type columns are drilled from the top surface

of the sensor into the bulk and p-type are bored

from the bottom. This design is manufactured at

two locations–CNM (Centro Nacional de Micro-

electronica) in Barcelona and FBK (Fondazione

Bruno Kessler) in Trento. Recent results from ir-

radiated 3D sensors show signal collection to be

very promising with more than 20,000 electrons

for bias voltages less than 200 V. [12]

Another 3D design is also underway by RD50

collaborators at Brookhaven National Laborato-

ries called the Independent Coaxial Detector Ar-

ray (ICDA). Again, this design uses a 3D trench

electrode model, but with an asymmetrical elec-

trode configuration, which produces a near ho-

mogeneous electric field without any theta depen-

dence around the electrode.[13,14]

4. Summary

The knowledge gained from the study of mi-

croscopic and macroscopic defects in silicon after

radiation exposure has narrowed the field of focus

for new types of silicon detectors for application

in the sLHC and other high luminosity colliders.

Both p-type and Czochralski planar silicon tech-

nologies as well as 3D silicon are currently under

investigation by the RD50 collaboration. A com-

parison of the signal collected by each technology

is shown in Figure 1. [11,15–20] While Figure 1

provides valuable insight to compare the perfor-

mance of each technology, there are many other

factors to consider in selecting a suitable technol-

ogy such as signal-to-noise, infrastructure, cool-

ing requirements and cost–all of which must be

weighed according to the needs of a given appli-

cation. It is apparent that these silicon detector

technologies demonstrate readiness to meet the

performance requirements of the sLHC environ-

ment.

Figure 1. The signal of different silicon technolo-

gies (and diamond) are compared as a function of

fluence.
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Signal comparison for various Silicon sensors 

At a fluence of ~ 1015 neq/cm2 all planar sensors loose sensitivity: on-set of trapping !
No obvious material for innermost pixel layers:  
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Detector performance S/N 

�  La CCE non basta 
�  Un rivelatore ricostruisce un segnale applicando un taglio di 

ricostruzione (Threshold) in generale efficace per separare i 
segnali dal rumore e che non taglia il segnale di particella 

�  Vediamo qui alcuni contributi al noise provanianti dal 
radiatio n damage: 

�  Shot noise 
�  I leakage 

�  Noise capacitivo 
�  Capacità di carico al canale di lettura 

�  Alla fine è necessario avere una stima del rapporto S/N 
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Contributo al noise: formule 

� Nella ipotesi di uno stadio di formatura RC-CR 

�  Contributo shot noise 

 
�  Contributo capacitivo 

�  Contribuiscono in quadratura al noise totale 
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Corrente inversa e shot noise 
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Noise medio puo aumentare ma anche il numero di strip rumorose 

1.5	
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�  La riduzione della corrente inversa, una corrispondente riduzione del consumo di 
energia dei rivelatori. Ma ha anche un impatto significativo sul rumore (shot noise) 
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Micro strip Fz p+-n  
300 µm thick <100> 
Strip L~ 10 cm  
V bias  450 V 
T= -10 oC  
F.E. APV25 40MHz 
Pendenza=~750 e-/2.5 mA Φ=1.9	
  1014	
  1	
  MeV	
  neq	
  cm-­‐2	
   

n+-in-p Fz  micro-strip  
300µm thick,  
80µm pitch,  
18µm implant,  

~1cm strip length 
Detectors read-out 
with 40MHz  (SCT 
128A) 
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�  Alta fluenza ed alto V polarizzazione compaiono fenomeni 
di moltiplicazione della carica, dovuti all’alto valore del 
campo elettrico ed alla forma delle impiantazioni  

�  L`annealing beneficiale  viene alterato e di conseguenza lo 
shot noise cambia 
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n+-in-p Fz  micro-strip  
300µm thick, <100>  
80µm pitch,  
18µm implant,  

~1cm strip length 
Detectors read-out 
with 40MHz  (SCT 
128A) 
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S/N	
  	
  

-25oC 0oC 
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collected charge and the asymptotic value for the
corresponding non-irradiated module.

Fig. 1 shows the results obtained for the
reference module at the temperatures of 0 and
!108C. CCE has been calculated taking as a
reference C!108

asympt, where T ¼ !108C is the operat-
ing tracker temperature. A better performance at
lower temperatures has been shown to be related
to the gain of the preamplifier [10].

Neutron- and proton-irradiated modules show a
behaviour similar to the reference, as illustrated by

Fig. 2. For all tested modules, CCE is about 85%
for Vbias=Vfd ¼ 1:5 and increases up to 92–96% at
500 V bias voltage, the specified minimum break-
down voltage required for sensors. For the outer
tracker modules, measurements on CCE were
performed using a Sr90 b source. Results are
shown in Fig. 3, where it can be seen that the CCE

Fig. 1. CCE as a function of Vbias=Vfd for a non-irradiated
module at two different temperatures.

Fig. 2. CCE as a function of bias voltage for modules
irradiated with neutrons and protons. For comparison the
CCE for non-irradiated module is also shown.

Fig. 3. CCE as a function of bias voltage for 500 mm thick
modules after neutron irradiation.

Fig. 4. Signal-to-Noise ratio as a function of bias voltage for
neutron- and proton-irradiated modules.

L. Borrello et al. / Nuclear Instruments and Methods in Physics Research A 461 (2001) 178–181180
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Micro strip Fz p+-n  
300 µm thick <111> 
Strip  L~ 5 cm  
T= -10 oC  
F.E. APV25 40 MHz 

n+-in-p Fz  micro-strip  
300µm thick, <100> 
80µm pitch,  
18µm implant,  

~1cm strip length 
Detectors read-out 
with 40MHz  (SCT 
128A) 
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Efficienza di rivelazione 

�  Il noise, inversione di tipo,polarizzazione, accoppiamenti 
capacitivi e spread del segnale agli elettrodi …. 
contribuiscono a diminuire l`efficienza di rivelazione   
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Fig. 9. Hit-finding efficiency for nonirradiated and irradiated modules as a
function of . Different symbols represent different modules.

The distributions are fitted with Gaussian function, and the po-
sition resolutions obtained in this case are 13.6 and 16.8 m. All
sensors have similar performances. Fig. 8 shows the distribution
of resolutions of the irradiated modules in comparison with that
of the reference module. The average position resolution is 16.5
m for irradiated modules with a small spread.
To calculate the hit-finding efficiency, we define a fiducial

region 4 around the interpolated impact point of the track
reconstructed by the telescope modules. The efficiency is then

estimated as the ratio of the number of times a hit was found
inside the fiducial region to the total number of reconstructed
tracks. In Fig. 9, the hit-finding efficiency is plotted as a function
of . For irradiated modules, the average hit effi-
ciency is 80% at and reaches an asymptotic
value of about 95% at . For the reference
module, the efficiency is about 99% just after full depletion.

VI. CONCLUSION

We have shown that even after irradiation at the maximum
dose expected for the CMS Tracker, silicon microstrip detectors
can be reliably operated. Only a slight deterioration of position
resolution and acceptable degradation of hit-finding efficiency
have been observed. The fundamental requirement for main-
taining the functionality of irradiated silicon microstrip devices
is the capability of operating them at bias voltages 1.5 times
higher than the corresponding depletion voltage without break-
down.
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Risoluzione spaziale: esempio  micro-strip 
�  Micro strips spessi 300 µm,  <111>, Fz-n 

�  Danno su ossido rilevante  
�  Cn,n cresce 

�  Strip pitch 61 µm implant width 14 µm 
�  Accoppiamento tra le strips elevato 

�  Lettura analogica 
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Fig. 5. Number of noisy strips for irradiated modules as a function of the bias
voltage. Individual modules are represented by different symbols.

Fig. 6. S/N values for nonirradiated and irradiated modules as a function of
ratio. The asymptotic value of S/N is 19 for reference module

and 13 for the irradiated ones.

module on average has 10% higher noise compared to the non-
irradiated one.
The percentage of noisy strips of the irradiated modules as a

function of bias voltage is shown in Fig. 5. A strip is defined as
noisy when the noise value is 3 higher than the average strip
noise. The number of noisy strips increases with bias voltage.
Twomodules out of 16 have no noisy strips up to 500 V. The rest
of the modules can be subdivided into two groups. One group,
containing nine modules, has less than 3% noisy strips up to a
bias voltage of 500V (represented by smaller symbols), whereas
the other group of four modules has 5% noisy strips (represented

Fig. 7. The residual distribution of an irradiated module is compared to that
of the reference one.

Fig. 8. The distribution of position resolutions of the irradiated
p/cm modules. The average value is 16.5 m.

by bigger symbols). Only one module has 7% noisy strips at 500
V.
The signal-to-noise (S/N) ratio as a function

for irradiated modules and the reference module is shown in
Fig. 6. The S/N ratio increases with the bias voltage as the de-
pleted thickness increases and reaches an asymptotic value at

. The reference module has an asymp-
totic value of 19, while for the irradiated modules it is 13.
The observed degradation of 30% is due to radiation damage.
The tracking performances of detectors are evaluated in terms

of position resolution and hit-finding efficiency. These in turn
depend on S/N ratio. Modules under test together with telescope
modules were aligned using single tracks. Tracks were recon-
structed from the hits in the telescope detectors. In the alignment
process, the residuals in local coordinates due to track interpo-
lation were minimized iteratively using the Newton method [5].
The residual distribution after alignment, evaluated using a

new set of events to minimize the bias, gives an estimate of the
position resolution. In Fig. 7, the residual distribution of an ir-
radiated module is compared with that of the reference module.

Dopo ~ 2 1014  1 MeV neq/cm2 la risoluzione 
peggiorata del   30 % a causa di  

 1)Inversione 
 2)Spread della carica sulle strips 
 3)Aumento di Cn,n 

 

The behavior of the irradiated detector can be understood
from the angular dependence of the median pulse height
shown in Fig. 10.  For the n-side, the median pulse height
decreased as the incident angle increased.  The larger pitches
(100 µm and 150 µm) showed a smaller slope than that of the
50 µm pitch.  The effect was a combination of: (1)
geometrical, i.e., an increase of the length in angle and a
sharing of a track length between the strips, (2) charge spread
as observed in Fig. 7(b), and (3) a less depth in case of partial
depletion.  For the larger pitches, sharing of the charge over
fewer strips gave the smaller slopes.  On the p-side, the
angular dependence was much smaller due to larger effects of
(2) and (3). The efficiency plot shows little loss as long as the
median pulse height was above 2 fC for a threshold of 1 fC.

In the case of partial depletion, the signal will be lost due
to the reduced depletion depth.  The angular dependence of
the efficiency can be estimated by combining the Fig. 7(b) and
the Fig. 10.  As described in the introduction, in ATLAS a
particle of 1 GeV/c momentum will hit the silicon strip
detectors at an incident angle of 10° at the radius of 60 cm.
There will be two more angles: (1) the tilt angle of the
detector, e.g., 7°, (2) Hall angle of 15.7° in the n-side by the 2
Tesla magnetic field, derived from the measurement in the
section 3.4.  The 50 µm pitch is fully efficient as long as the
tilt angle is made to partially cancel the Hall angle; the 100
µm pitch is fully efficient even when the detector is below full
depletion.
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Fig. 10  Angular dependence of the median pulse height of the
irradiated DUT1 at the bias voltage of 120V at y = 4.2 cm:  (a) for

the n-side: 50 µm (circle), 100 µm (cross), 150 µm (diamond)
pitches; (b) for the p-side: 50 µm (circle), 100 µm (cross) pitches.

3.2.2.  Spatial Resolutions
Another fundamental issue for the detector-FEE chain is

the spatial resolution of the silicon strip detector.  The spatial

resolution was derived from the deviation of the hit or cluster
in the DUT from the interpolated position from the upstream
and the downstream anchors.  The hit or cluster was limited
within the efficiency window (± three strips) in the DUT.  The
sigma of the deviation was obtained in two ways: (1) in T330,
the r.m.s. of the deviation was calculated successively by
eliminating the points which were out of 3 sigma's until the
r.m.s converged, (2) in T355 the sigma was obtained by fitting
a Gaussian to the Gaussian-smeared (with a small sigma)
distribution after eliminating the over 3 sigma points once.
The reason to apply these methods was that the deviations
were quantized because the hits were quantized in the strip
pitches.   A straight-forward Gaussian fitting did not work
because there were zero's between the quantized points.
Method (1) should give a smaller sigma of the two.  The
difference should be the amount of systematic error involved
in the estimation of resolutions.
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Fig. 11  Spatial resolutions at the threshold of 1 fC: (a) the non-
irradiated DUT1 at a bias voltage of 100V, 50 µm (circle), 100 µm

(cross), 150 µm (diamond) pitches in the n-side, 50 µm (filled circle),
100 µm (filled square) in the p-side; and (b) the irradiated DUT1 at a
bias voltage of 120V and at y = 4.2 cm, the same designations for the

pitches and the marks.

The point spatial resolution was obtained from the
deviation sigma as follows.  (1) For the regions where the
pitches of the DUT and the anchors were same, i.e., in the
50 µm and 100 µm pitches, the point spatial resolution was
calculated by multiplying the sigma's with the factor 9 14/
observed from the triplet distance.  The difference of non-
irradiated and irradiated detectors was ignored.  (2) For the
DUT pitches other than 50 and 100 µm, the spatial resolution
was obtained by subtracting in quadrature the anchor
resolutions obtained in (1) from the sigma's in deviation.  The

�  Micro strips spessi 300 µm, <100> Fz-n 
�  Strip p & n (doppia faccia)  

�  Irraggiato a  1 1014  1 MeV neq/cm2  
�  Lettura binaria, soglia di 1 fC 
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Risoluzione spaziale : esempio pixel 

�  Charge sharing gioca a favore della 
risoluzione spaziale tramite la misura del 
baricentro della carica raccolta 

�  Puo essere indotto anche dalla deriva dei 
carrier lungo una direzione definita 
�  Angolo di Lorentz in campo B 

�  A seguito del danno da radiazione: 
�  necessario applicare una tensione di 

polarizzazione maggiore 
�  i difetti riducono la mobilita delle cariche 
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June 26, 2009 16:32 World Scientific Review Volume - 9.75in x 6.5in cmspixel

The CMS pixel detector 5

Fig. 1.2. Expected position resolution of the CMS pixel barrel in the r − φ plane as a function
of the track angle of incidence.2 The resolution degrades with increasing fluence and bias voltage
because of the reduced charge sharing.

1.2.2. Detector layout

The inner layer of the detector should be mounted as close as possible to the in-
teraction point. The smallest possible radius allowed by the CMS beam pipe is 4
cm. Further layers should be as far away as possible, as long as reliable matching
of the outer track stub with the innermost hit is possible. Two additional layers
are placed at radii 7 cm and 11 cm. The full radius of the available volume was not
used in order to limit the total area (and hence cost) while providing three pixel
hits per track.

The CMS tracker covers a pseudorapidity range of |η| < 2.5. The 4.4 cm layer,
which is essential for the impact parameter resolution, nominally covers this range
with its length of 56 cm. The acceptance begins to drop a little bit below |η| = 2.5
because of the length of the interaction region. A longer barrel is disfavored because
the tracks crossing the detector at very shallow angles traverse more material and
produce longer clusters.

The full η coverage in the outer layers would require a barrel length of up to 130
cm. The same coverage is achieved with much less detector area, and hence material,
by supplementing disks in the forward region. A disadvantage of this configuration
is that the bulkhead of the barrel where a lot of material resides comes to lie within
the tracking volume. Two disks are placed on each side of the barrel at z = ±34.5
cm and z = ±46.5 cm. They have an inner radius of 6 cm and an outer radius of
15 cm. The disk positions optimize the probability of measuring two or more pixel

Pixels di CMS : bulk Fz n+-n ,  
270µm thick,<100> 
 pixel 100X150 µm2 
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THE END 
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