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. Acivantages and disadvantages of semiconductor detectors
e Pasic semiconductor Propcr‘cics

. FNjunction

e Pasic silicon detector design

. Signal formation

e [osition resolution

. Microstrip vertex detectors

o Silicon Trackersat] HC

J Future Prospec’cs
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Advantages of semiconductor detectors

. Silicon detectors are a kind of solid state ionization chamber

— 10x lower energy per jonization Pair: ~3e\/ comParecl to gas (2040
e\//pair) and scintillators (400-1000 eV to create a Photon) — small signal

fluctuations
- High dcnsitg =>
J Large stoPPing power - comPact detectors
e faster response <~i Ons)
. 5ma”cr diffusion effect (<i0 um> — better achievable sPatial resolution

. Their use started in the '80s to measure the lifetime of short living Partic]es
(charm)

e (Jse of Planar Production techno]ogg and integratecl circuit readout

— standard industrial technologg

- C!‘IC&P
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Disadvantages of semiconductor detectors

e No internal amplification
P

— - small signals
— - needs low noise electronics
— \With a few cxccptions
. High cost per unit surface
- Silicon bulk material but also interconnects and electronics
— Largc number of readout channels

— Large power consumption — cooling is needed
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Semiconductor detectors applications

. Tracking of charged
Partic!es and Precision

vertex reconstruction

° E_ncrgy measurement
up to a few Me\/ and

gamma sPectroscopg

e Medicine, security..

6.2m

ATLAS Siliconf/;/—w
Tracker | |

21m

.I'II »
i
Ty
i
N VV

: End-cap transition radiation tracker
“" End-cap semiconductor fracker
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Basic Semiconductor Properties
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Types of semiconductors
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Crystal Structure

. Mang Properties relevant for the utilization

as cletectors are relatec! to the solid state

structure oF the semiconductor crgsta]

e 5, (ae and Diamond*

— Crgstal structure is the diamond lattice

- Each atom surrounded bg four

neighbors at the corners of a

tetrahedron

o -V es GaAs

— Jincblende lattice

— ] wo sublattices shifted bg one quarter

a]ong the cliagona] of the cube
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Band Structure

e [eriodic arrangement of atoms — formation of allowed and forbidden energy bands

4N states
O electrons

|
|
|
: 6N states

\ T 2N electrons
#Ho=2 S
8 electrons g0
2 4N states
i ) =
fst'x allowed levels o 4N electrons 2N states
dEsaAmeCncrgy g 2N electrons
8
Two allowed levels ~!
at same energy |
sp _‘L
2 clestrons n=23 oy S
1 - ied level ty level
... occupied levels .. empty levels
empty . )
TR ....... Single empty levels (electron)
. Oiiaaa single occupied levels (holes)
empty )
3 fermi conduction band cfn:juc.t'(:n t:a'ld
@ | energy ,
& Egap>5e€V Ifgﬁg =1eV 1 Eggp =16V conduction conduction band
e | N R e e LR Y e L1t — e —
g \ valence band
& occupied R ey
® | valonee band valence band
occupied Metal Metal
valence band (conduction (partly
Semiconductor Semiconductor band partly overlapping
Isolator atT=0K atT>0kK occupied) bands)
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Bond model for free carriers

o Ato Kelvinall electrons Participate in
covalcnt boncis between atoms E:C(k) .

— Are in the valence band _,\ }.._Z_“:\ ’Cﬁ:” E\\ %.
A Y 8 e N

‘-'--\} o— Lo: }..-- '
o At I‘lfgl'ncr temperatures electrons = “*°"}3\“*°%\ _ 7
i 7 G\' )‘-' i o " Semiconductor !
_-:?(:)\:::Oi:::a: atom :
canjump to the conduction band { L .'

—  Are free to move with a mass

determined by the curvature of ]—:—C(k)

—
Free -—-O:

e A hole with Positive charge is left behind. |t i % . W

can be easi!g occupieci 139 neighlaoring Hole ¢ §

electrons

- Net effect is the movement of a => conduction is due both to holes

Posi’civc cl'nargc with a mass determined

135 the curvature of the E‘\/(k)

and electrons
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Fermi level

e Jhe occupation of the states is described !:)3 the [Termi-]Dirac statistics

[ 1
—_— s Ty T
m 3 2
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S i i Ty T
] i 1 0
fr(E)z = é 0.5 - T0=0K
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Energie E

. Thc Fermilevel is the energy level that has 50% Probabi]itg of being occupiccl

s B ... occupied levels .. empty levels
conducﬁgn — *....... single empty levels (electron)
) o ...... single occupied levels (holes)
empty .

3 | fermi conduction bang  ¢onduction band
acs energy E 5 V .‘ * ® 0 0 0
@ >0€ Egap =1€V Epep =1€V conduction band
@ \H____‘_gan____'___};ggp _____ Egap=1€V conduction nduction bz
e ' _ valence band
s occupied A e
® ! valence band xeionde et

occupied Metal Metal
valence band (conduction (partly
Semiconductor Semiconductor band partly overlapping

Isolator atT=0K atT>0KkK occupied) bands)
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Intrinsic carrier concentration

e | he clensitg of available quantum states and the [“ermi Fuf}sction detepimines the

bnumber of charge carriers in the valence and the n&uctioi;:n band
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Intrinsic carrier concentration

. Extreme]g pure semiconductors acre called “intrinsic”

o At thermal ec]uilibrium the clensitg of electrons and holes is cqual n_=n_=n
—Eg —Eg

, L 3/2
. Thecarmerdcns:tg is N=+NcNve** ocT e

Table 4.2 | Commonly accepted values of 1, Eg

at =30 K
Silicon n=15x10"em™ 1.12eV
Gallium arsenide n=18x 10ecm™ 1.43eV
Germaniom n=24x10%em™* 0.67 eV

e [or silicon there is ~ 1 electron every 0" atoms
e | heintrinsic Fermilevelin a pure semiconductor is near the center of the gap

e |n general even in non pure semicondutors nP—*-niZ

— where n and p are the concentrations for negative and Positive carriers
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Carrier mobility and resistivity

7=y B _eT, m’ is the effective mass
e —Me M= * 1 is the average time between collisions
e T” u is the mobility
_ _ <
Vh__“hE H_ * 108 J .
m, :
I
= < = GaAs (ELECTRONS)
: _ 2 & T
For Si@300K  M,=450cm/Vs e
E . - L = .|
< A ot z L]
2 5 //<:£ ’,,/ 1] ™ si (HoLES)} ]
b, =1450cm°/Vs  sel Azl Lr |
% = 2 /'J Ge (ELECTRONS) N
7 . ™ Ge (HOLES) [—]
5" VT si (ELECTRONS)
= 102 H:|03 — Hulo“ 105 108

ELECTRIC FIELD (v/cm)

‘]_(;rift:e<Hn+Hp)E) p:e<Hn+H p)
For pure Si@300K n=p=1.4510"cm™> =230k C2m

How to change the electrical properties, for example increase the conductivity?
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Properties summary

p(g/cm?) 2.328 5.326

p, at 300K ~450 1900 <150 1200
(cm?/Vs)

Breakdown 310° ~10° 4 10° 3107
field (V/cm)

Source: hitp://www ioffe rssiru/SVANSM/Semicond! ; S.M.Sze, Physics of Semicon. Devices |, J. Wiley & Sons, 1981,
J. Singh, Electronic & Optoelectronic Properties of Semiconductor Structures, Cambridge University Press, 2003
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An interesting point

Constructing a Detector

One of the most important parameter of a detector is the signal-to-noise-ratio
(SNR). A good detector should have a large SNR.
However this leads to two contradictory requirements:

« Large signal
« |ow ionization energy -> small band gap

« Low noise

» very few intrinsic charge carriers -> large band gap

An optimal material should have £ = 6 eV.

In this case the conduction band is almost empty at room temperature and the
band gap is small enough to create a large number of e'h+ pairs through
jonization.

Such a material exist, it is Diamond. However even artificial diamonds (e.g. CVD
diamonds) are too expensive for large area detectors.

22 May 2011 Thomas Bergauer (HEPHY Vienna)
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An interesting point (cont.)

Constructing a Detector (cont.)

Let's make a simple calculation for silicon:

+ Mean ionization energy I, =3.62 eV,
« mean energy loss per flight path of a mip dE/dx = 3.87 MeV/cm

Assuming a detector with a thickness of d = 300 ym and an area of A=1 cm?.
+ Signal of a mip in such a detector:

dE/dx-d 3.87-10°eV/cm-0.03cm
A 3.62eV

~3.2-10" e h*=pairs

» Intrinsic charge carrier in the same volume (7 = 300 K):

ndA=145-10"cm>-0.03cm-lcm® = 4.35-10° ¢ h*—pairs

Result: The number of thermal created e h+-pairs (noise) is four orders of
magnitude larger than the signal.

We have to remove the charge carriers
-> Depletion zone in reverse biased pn junctions

22 May 2011 Thomas Bergauer (HEPHY Vienna)
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PN Junction
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. Doping consists in ad&ing to pure semiconductor crgstal small amounts elements

with threc(B) (1a, A!, ]n> orfive electrons in the outer shell (F, As, 5!3) these

are called extrinsic semiconductors

. They tend to integrate in the lattice Forming four covalent bonds with the

5urrounding silicon atoms therefore:

- Group ]” elements (eg B) tend to create holes in the valence band tend to

capture electrons in the conduction ban&; theg are called acccPtors and the

L] L] [ ] L] [ ] [ ] ™ " - - - ™
| | | | | | | | || ||
.— —e— —e— — ".— —— —— —e
- '__.__'__‘ 5ing|e 'Cat( l——t——i——i .
|| | | | | : | | || || single
s o & » e o Negative | _ . » N « o positive
|| | et jon Ly o

l _ free mobile | | :
e ._'-_ -
| hole T . conduction

) I ) I ) :::_ electron
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Electron energy

25.03.15

Carrier concentration in p-type semicondutors

F—-type dopants generate energy levels near the valence band

At room temperature theg are ionized and increase the hole carriers

concentration

I the c]ensitg of dopants IS Na >>n the effective carrier concentration of

majoritg carriers is p= Na

The hole concentration (minoritg carriers) is reduced to n= niZ/Na

/e, N)

>

e [ ermilevel moves close to the vale@?;

&

o

Acceptor S

7777777777777777777777777777777777777777777777777777777777777777777777777 & level =
- ~0.05eV ©

LLI

lonized
acceptor

Fermi

o energy

- ~0.05eV

G.Simi, scuola rivelatori Legnaro



Electron energy

Carrier concentration in n-type semicondutors

J N~t9PC dopants generate energy levels near the conduction band

e Atroom temperature theg are ionized and increase the electron carriers

concentration

. ]1C the c]ensitg of dopants IS Nd >>n the effective carrier concentration of

majoritg carriersis n = Nd

. The hole concentration (minoritg carriers) is reduced to p= rxiz/N(J

/e N

hoN Donor

level
EV _

Electron ene@y

~0.05eV
**************************************************************** \ Fermi
energy

onized

) _ o
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P-N junction

p-type n-type

e Wecancreate a FNjunction bg digusing donors and acceptor elements into an

intrinsic semiconductor

J ln P-tgpc there is excess Posmve carriers, in ”*tﬂPC there is excess negative carr.
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P-N junction

p-type  + + " n-type

e Wecancreate a FNjunction bg digusing donors and acceptor elements into a

semiconductor

o« At the interface the difference in electron and holes concentration causes
diffusion of excessive carriers to the other material until equilibrium is reached

and the Fermi energy become the same
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P-N junction

Na_ +Nd+
p-type I T 1 ntype
- - + +

e Wecancreate a FNjunction bg digusing donors and acceptor elements into a

semiconductor

o« At the interface the difference in electron and holes concentration causes
diffusion of excessive carriers to the other material until equilibrium is reached

and the Fermi energy become the same

e Jhe remaining ions create a region of space chargc and an electric field which

stops further diffusion

e Jhe charge &ensitg IS ec]ual to the acceptor and donor densities Na, Nd
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P-N junction

Depletio%egion
4 A
Na +Nd +
p-type  _ T T n-type
- + +

e Wecancreate a FNjunction bg digusing donors and acceptor elements into a

semiconductor

o« At the interface the difference in electron and holes concentration causes
diffusion of excessive carriers to the other material until equilibrium is reached

and the Fermi energy become the same

e Jhe remaining ions create a region of space chargc and an electric field which

stops further diffusion

e |n the space charge region there are no free of chargc carriers: deP]etion region
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P-N junction

DepletioD\region
4 A
Na Nd

n-type

++ + +
+ 4+ ++

p-type -

4 AE=AV, V0.6V (for Si)
5 Ee
o)
C
o +
S T r s o+ o+ o+ o+ 4
B Fermi
O - - ‘\
@ -
o E, - energy

e Jhe energy of the bands shift in order to kecP the [Termi energy uniform
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Reverse biased P-N junction

Depletion region

_ Na_ Nd,
- - - + + +
p-type - + + +n-type
- - - F + + +
| ®
0 +V.
-+
I(mA)
e A Positive vo]tage to the n side with
4 -
resPect to t}‘ne P sicle removes }10|65 and
*1 b onpucnon
electrons from the depletion zone => 2 -
, , , Vs 1
increase the size of the depletaon zone SN U O RO T N S S N S J. VIV)
-6 -5 -4 -3 -2 -1 0| 1 2
_1 -
o | hecurrentis very small (lea!(age T REVERSE 2 b
BREAKDOWN Sl
current due to thermal generation
_4 L

and/or diffusion) => goocl signa]/noise
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Reverse biased P-N junction with asymmetric doping
Depletion regL@

~
+ +
] p-type T T n-type -
+ +
Na
Acceptor and donor Nd
concentration
>
n A X
Free carriers o)
concentration —
>
X
Space charge A +Q
g
-Q
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Reverse biased P-N junction with asymmetric doping
Depletion regL@

~
+ +
] p-type T T n-type -
+ +
> eN
Electric field X E=E,——g X
A
Eelctric Potential Vv,
>
X
A
Space charge +Q
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Typical PN Junction

. Atgpical PN junction in high purity silicon detector
- NeFF(P+) =25 10"%cm?, Neff(bulk)=10"2cm?
- Wp=0.2um, Whulk=28um
. FNjunction is reverse biased until the whole depth of the detectoris depletecl

- Tﬂpical thickness \W=300um
- \/c!epl = 68\/
e Maxthicknessis given by breakdown voltage

- Si Eg=310°V/cm; N, =110%cm’; W

max —
€ N eff
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. Detector caPacitance is due to Para“e| Plate geometrﬂ

R ,
e 1/cC Pro[:)ortiona! to \/r+\/B]

*0 Can }}‘6 uscdiﬁ) c]etcgaine deﬁetion VOI’Eage
T 0

Diode area A= 3.14 mm?

50 |t

1 0.4
i = ¢ \/c:IcP| ~ 65 \/OItS
_ ! 103 --E‘ . Ilcak(65\/) ~30pA (Ki1nA/cm?)
E 40 : p
-] =02 ¥
T A 101 o (urrent atlowV due to hole
30 2 , ,
- ] diffusion (l—diFF> i cm)
o SR
0 20 40 60 80
V(Volts)
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Doping profiles €4 \/ €N 4
. 2
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~~ wE g —
e ]0165_ ' r Bl 2 C
g : 3
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o 10 F o
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Basic detector design
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A Basic silicon detector

. Take apn diode

P-type surface implant

N-type Silicon bulk
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A Basic silicon detector

. Take apn diode

P-type surface implant
. Segment it

J Add a back contact

N-type Silicon bulk N+ Ohmic contact
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A Basic silicon detector

. Take apn diode

P-type surface implant

. Segment it
J Add a back contact

J Applg reverse voltage

N-type Silicon bulk N+ Ohmic contact
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A Basic silicon detector

. Take apn diode

P-type surface implant

. chment it
J Ad& a back contact

J Applg reverse voltage

. Depletion zone grows from

Pnjunction towards back side

N-type Silicon bulk N+ Ohmic contact
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A Basic silicon detector

e« Jakea pn diode

P-type surface implant

. Segmcnt it
J AdC} a back contact

J Applg reverse voltage

. Dep]etion zone grows from

Pnjunction towards back side

N-type Silicon bulk N+ Ohmic contact
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A Basic silicon detector

. Take a pn diode

P-type surface implant

. chment it
J Add a back contact

J Applg reverse voltagc

. DCP]etion zone grows from

Pnjunction towards back side

N-type Silicon bulk N+ Ohmic contact
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A Basic silicon detector
. Takeapnc’iode /

. chment it
J Ad& a back contact

J Applg reverse voltagc

. Depletion zone grows from

Pnjunction towards back side

e Minimum lonizing Par’cicle generates electron hole Pairs
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Signal formation and position resolution
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lonizing energy loss

it on Cu i
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lonization signal and Fluctuations in energy loss

J The energy required to create an electron hole A/x (MeV gt em?)
().50I N ‘1.|00| L ‘1.‘50‘ . ‘2.‘00‘ . I2.|50
Pair IS bigger that the bad gap because some Lo e 500 MeV pion in silicon
’ o ) ) i A 640 um (149 mg/em?) 1
energy is lost in vibrations of the lattice 0.8 SN T 820 jum (747 mg/em)
I T e
Ch: 62.@ 206k ] . ]
E 5 V :‘E/_ E :.’ -ﬁfu/ﬁ\'-
0.4 P 2
e |nathin <§OOum> silicon detector the distribution P Aph Mo ey
0.21 - ;'
of energy loss is described bg a | andau function J7
0(1}0(‘)I | II 42‘(|)0 300 400 500 00
Afx (eV/um)
. The Landau function has an asymmetric
distribution with tails at la rge energy losses Displacement probability (calculation) of the
charge center of gravity due to -elecirons:
- Most Probable value is better defined 80 §g
mental 2 5
exPerimenta Yy E w0 i %E
- Most Probable energy loss in 500 um silicon & 20 ‘\ %;Ej
| ke\/ = 22'000 pairs - 7§eh irs,/Lm 0 e 5o
1S 79 € Pa Pa “ oo b oo Lo oo oo EE
0 1 2 3 4 5 3 o8 4 (-g

Centrod Displacement [1im]

- Mean energy loss is 116ke\/ = 32000 pairs
—~ 107¢h Pairs/},lm
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Intrinsic energy resolution

Ener59 resolution clepencls on statistical fluctuations of the number of Pairs

Proclucec!
Encrgg loss is due to ionization and lattice exitations

However if a Partic]e IS completelg absorbed the total energy is fixed (event 59
event) therefore this introduces a correlation between the number of ionizations
and the number of lattice excitations. Since the number of Phonons s large its

relative fluctuation is small

As a result the fluctuation in the number of ionizations is smaller than the one

derived from Foisson statistics (Ei= energy to create eh Pair}
o(E) FE,

E E
F~0.1 for Si and (e

I =5MeVV - G<E>=§.§i<]_:_\/ [ignoring electronics noise][check numbersl]

alpha
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A Basic silicon detector
. Takeapnc}iode /

. chment it
J Ad& a back contact

J Applg reverse voltagc

. Depletion zone grows from

Pnjunction towards back side
e Minimum lonizing Par’cicle generates electron hole Pairs

. Charges drift toward the electrodes and induce a signal
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A Basic silicon detector

e Pias resistors to decouple strips /
« R~-MQ

Edge
guard ring

Polysilicon p* Implant

Bias ring _ _
bias resistor l Al

e (RRREULAY [JN]0) ] ;3‘-, _

I =1 l—IH;._L 13%1 i - .i E"_.'-I'l"“ i-::T:

1 ‘ 3 ;:?j-'-*__,_'.t'- ;:.; i = L0,
- Sl 50um

B P

e | 4

] (1111100 e ——

el ut I‘l:'i—l".f—-“ Ak - I.__'_._.T:

e/ OOUINE 7 =5

ey 7R K

YRS M R —

RS "”mm"”iﬁ L Tl

p* strip side
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A Basic silicon detector

¢ Diasresistors to decouple strips /<
« R~-MQ

. Amplhcg the signal

25.03.15 G.Simi, scuola rivelatori Legnaro



A Basic silicon detector

¢ Diasresistors to decouple strips /<
/
« R~-MQ

| | 1 A I I |

SiO2
. Amplhcg the signal

« Adda capacitor to block ]eakage

current

25.03.15 G.Simi, scuola rivelatori Legnaro



Signal formation

. Moving charge carriers induce a

current signal on the electroclcs

e |na simplhcie& Para”el Plate

gcometrg the induced current is

given bg the Ramo theorem
O X
° 6Qp:— W:—aQn
| =gl Mo
P W_ W — n

 — carriers induce signal when they move

 — both electrons and hole induce a negative current on the p strips and a
positive signal on the n strips

« Current signal is bigger when charge is near p strip because the field is bigger

* Induced charge is the same for electrons and holes, collection time is different

25.03.15 G.Simi, scuola rivelatori Legnaro



Signal formation

. ]n a striP detector the field is not

uniform near the striPs sO a
weighting field has to be used to
comPute the signal

e |naddition atrack transversing
the detector creates Pairs a]ong

the trajectorg

. lection time can be reduced
ov

g oPerating the detec’cog_ﬁwith “overbias”.
— oal Aimited bg veolictg saturation
3 n-STRIP SIGNAL g‘ p-STRIP SIGNAL
E E 04-
= =
w 0.3+ w
© o
o o
3 3
2 2 2
= = 02
) o
01, 7]
L N h
/ Tme L)
0 T h————_ T y 1 0 1
0 10 20 30 30
TIME (ns) TIME (ns)
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Position resolution

e Most imPortant PerFormance /<
Parameter of tracking detectors I I I /' I I I

e | mited bg

- Delta rays (aircaclg

mentioned)

- Diffusion

- Einarg or ana]ogue readout
— Strip Pitch

— Signal/noise ratio

25.03.15 G.Simi, scuola rivelatori Legnaro



Position resolution

Iitch
. Kesolutlon fora smgle strlp hlg( ) p7<12) Q

e More than one strip is hit => cluster
i Th

3 Ana]oguc readout allows interpolation 1h

seed _|

neigh .|

between strips => imProves resolution

. Resolution limited bg fluctuations due to noise

"ew um have been obtained in test beams

e Diffusion —

Wh'le the ionization char e drifts towards the -

gl@&rgggp& }BSIOPWiai Hwe cloud of c}'large

Since D~pand t~i,/u— Cp Is cc:]ual for electrons and holes

25.03.15 G.Simi, scuola riveiatori Legnaro



Floating strips

. Strip Pitch determines the single
strip resolution but rec]uircs large
number of electronics channels

an& large POWC!"

— |ntroduce strip not
Connectcc] to Front~
electronics in between

readout strips

- The signa] is transferred bg
caPacitive coupling to the

readout strips

- USC analog readout to
recover the Position

Precision

— xample:pitch 5oum
25.03.15

A

Resolution (pm)

& Run 0001

10
b Run 2718
g — ] 3 I
I - % ¥ } & Run 2719
& 3 Run 2720
7_ | i' Fun 2721
8
| ; E T W i
5 * X ='-! T
4 Run # events i
00t 52k
3 2718 i 100k
2714 100k
2 2720 100k
1 2 22k
g fllinr_em] s1r;|1n . lli[lh'lmlrmﬁllj : ;Iriuh]mulﬂri?h

12 345 & 7 8 9
Zong

G.Simi, scuola rivelatori Legnaro
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2D position measurement

¢ Seccond coordinate can be measured bg
aclc{ing a second lager of detectors with
striP in the ortl-logonal direction

e [Torete- experimcnts where material

budget s imPortant this is not efficient

e - double sided striP detectors

e Needs special striP insulation on n side

. Complicatecl manu{zacturing

. Fosition reconstruction is affected 133 * | |
ambiguitics

. Real hits | +
— Ghost hits l

2503718 G.Simi, scuola rivelatori Legnaro



Double sided strip detectors

e Needs also routing for signals

— [Tanout circuits

Z-Side I

Interconnect _
(mechanical model) Micro-bonds

Phi-Side |
i

TLIR1 R
|.'"r .-..a..“ i J- -l o I
' .l_?f

Flexible Upilex Fanout

T

E 1 il
i I'l"i'--ﬂ-'\r-—' = ﬁﬁl |
|

[N

Si Wafers Carbon!Kevlgr fiber
Fanout Properties: Support ribs
«<0.03% X,
* 0.52 pF/lem

25.03.15 G.Simi, scuola rivelatori Legnaro




Microstrip vertex detectors

25.03.15 G.Simi, scuola rivelatori Legnaro



Microstrip detectors

o [Tirst striP detector was built bg C T RN Munich group

e \Was fabricated using a commercial Planar process

e [Tirst proof of principle of the use of a position sensitive silicon detectorin 1 [
P princip P

exPeriment
- NA11 (1980)
— Resolution of 4.5 um reading out
every 3" strip

— 24 cm? area

- Aim: measuring charm lifetime

25.03.15 G.Simi, scuola rivelatori Legnaro



Aleph vertex detector

[ ALEPH

Y 2 cylindrical layers 60 modules with )
at 6.3, 10.8 cm 2 sensors/module \
r double-sided strips

d=300 um . _ | il

36 modules with
2 sensors/module AR
double-sides strips ' S s
d=300 pm [ TR T

40 cm

25.03.15 G.Simi, scuola rivelatori Legnaro



Delphi Vertex detector

O DELPHI

% 3 cylindrical layers
at 6.3, 9.0, 10.9cm

24 modules with
8 sensors each
double-sided strips

24 modules with
4 sensors each
single—sides strips
d=300 um

25.03.15 G.Simi, scuola rivelatori Legnaro



The Power of the Vertex detector (ALEPH)

COLLISION POINT

= ".:\"---:J-_---"-----. < '----'-'-l—_—.

25.03.15 G.Simi, scuola rivelatori Legnaro



BABAR Silicon Vertex Tracker

5 lagers - Silicon Surface 457cm?in] 1 - 2089 cm?in] 5

hift of focus from vertexing to vertexing + tracking

25.03.15 G.Simi, scuola rivelatori Legnaro



BABAR Silicon Vertex Tracker

Kevlar/carbon-fiber support rib
Carbon-fiber endpiece

=i detectors

]
& 4

z=0

20
Cooling ring
Upilex fanouts

Hybrid/readout |Cs

Carbon-fiber
Support cone

Beam pipe

- 30 cm

>

40 cm

T

Double sided n-bulk silcon sensors, 6-30 kQ cm
5 ]agers: radius from 33— 14.6 cm

Arch shapcd outer lagcr modules to reduce Lra&

Angular acceptance limited by bcncling magnets

Stand alone tracking for 70 MeV< pt<120 MeV
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SVT Hit Performance

Hit Found in both views Run 38251

Hit efficiency
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SVT Tracking and PID performance

. Soft T egiciency >70% for Pt>5O MeV,/c
o (Jse Pulse height height measurement to extract df__/dx

e 20 se!:)aration between kaons and Pions up to 500 Me\,/c and between
kaons and Protons up to i (Ge\/c

70 [

7000 |-

60:

dE/dx (a.u)

All tracks

6000 ++

50:

6]
o
(@]
o
T
—
——

Has drift chamber hits

Entries per 10 MeV/c

4000 +
3000 | 30T

2000 — ¢ 20 |

1000 |- 10 ¢

0 - IO.1 | IO.2 = ‘O.4I — ‘0.5‘ | 10 1
Ge
Slow 7 Pt (GeV/¢) P (GeV)



Radiation damage will be the limiting factor
to the lifetime of the SVT

Two different aspects:

A) Radiation damage to the sensors:

Instantaneous

-Creation of p-stop shorts => inefficiency

From integrated radiation (bulk damage)

-Increase in leakage current => shot noise

-Change in the depletion voltage and
type-inversion => electronics noise
-Damages to the crystalline structure

=> decrease in charge collection efficiency



B) Radiation damage to the electronics:

-Increase in noise => decrease S/N
-Decrease in gain => decrease S/N

-Digital failures => inefficiency

All these issues have been addressed in the
past with projects aimed to quantify the
impact on the SVT operation and lifetime



Instantaneous radiation damage to the sensors

DETECTOR RIASING

AL-SHORT

SCHEME.

EL

Intense burst of radiation
=>discharge of detector
capacitor

=>Vbias (40V) momentarily drops
across the coupling capacitors
-deposited charge needed

Q,=(C CnCe V ... C2.6 nC/stri
R_(.Df CNfCP:I Bias ' p
on a time scale<t=R, *C,_ ~1lms

=> critical radiation: 1 Rad/1 ms



Damage Rate

-All the sensors have been tested for AC breakdown
up to 20V during construction

-A later study on detectors with a pitch similar to
the SVT inner layers has shown an expected rate
of failures of about 1-2%

4]
(=]

E?o
o
The effect has 5
. Q_‘BD
been observed in 2
. Lo
the real system: 3
65 pin-holes / o
20k channels Bl
. o
In Ll,z 520
= . :
g ol g A
2 "'é'tib'd"""'""" 2001 2002 2003
. JFMAMJ J ASONDJ FMAMJ JASONDJ FMAMI JASONDJFMAMJ J ASOND

0 200 400 €00 800 1000 1200 1400



Bulk damage: increase in Si leakage current

This effects implies an increase in the noise and a potential
problem to bias the detector to very high voltages

-Measuring the leakage current of
SVT Si wafers vs. time allows
to evaluate the radiation damage " Layer 1 Module 5 |

=
=9

-I-V measurements performed
since 1999

-Current measured @ 40V and the
radiation dose estimated from the
nearby PIN diode ol

[ —— BiasN+EdgeN
I BiasP
—— EdgeP

[ 0.58+/-0.02 pA/Mrad/cm?

Current (1 A)
—
[y~

—
=
T 1

0.5-0.7 mA/Mrad/cm2 @ T=17°C 6

=> ImA hardware limit is not an issue

0 50 100 150 200 250 300 350
Radiation (KRad)



1/C?
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Depletion voltage (Valts)

104

A%
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gt

Bulk damage: depletion voltage

electron beam

E[E.08 W3 GARD : Batran

R R NSNS R R NE N
% o0 Q0 B T - BT
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iy st et L e |
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E i 1
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1D'I'I 1012 .lG_'I-E 1D1+
Equivalent fluence (part/cmz)
— 10%
o
E # (Electron irrodigticn =
er type-inversiot

still look OK

electron beam on Cu target

200 T ¢NR - Targhsia

1/cIMINEES iR [N
438+ | b & o L
dm+Ed ]
L 4
T E0TT -k - == B
] i i
= L. T SO SR S =
% i i
= 250481 g .'.p N I, J—— H . H .
!‘I Fe L] -I:.. B ¥ - ¥ - .
5 d - 1 1 1
Ly MCap "BT Cp 100kHE ——
) | y OT2 Cp 100k Hz
=Bl OT3 Cs 100KHE &
- OFs CGu 100kHE -
] 1 1 i i i
0 5 10 18 ] ] b | - dr
Voltaae (V)

Irradiation with 0.9 GeV e beam at

Elettra (Trieste, 2000-2001)

- C*? vs V curve indicates type-inversion
results in ~ agreement with NIEL

scaling hypothesis (not obvious): 3MRad

Leakage current increase of order
2 uA/Mrad/cm? (T=23 °C) in agreement
with measurement in the real SVT

\Up to BMRad detector electrical properties
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Irradiation tests on the Atom chips

Radiation tests performed on
Atom chips in 2001 using Co®°
sources at SLAC and LBL

Chips powered and running
during irradiation

hoise=o+f3 C

load

Foreseen decrease of signal/noise
down to a factor 2 (mid plane).
This determines an upper limit on
the ATOM chips lifetime (BMrads).

No digital failure observed
up to 5 MRads




Noise Prediction

Instantaneus damage to Silicon: 86OOOSVT ayer-1 Signal/Noise
OK (also for Trickle Inj.) Z | 30

FEE chips damage: 11,5000 25
sighal/noise OK up to 5 Mrad & 4000+ —
digital funct. OKup to 5 MRada\gm‘ ’ ) Aré&/ 20
Offset  (in progress) \\AZ P Sl 7 ATOM noise 15

Bulk damage to Silicon: 2000 5+ v 10
V_depl OKup to 10 Mrad 1000 e W 5
I leak OK>10 MRad ) AT ke
CCE (in progress) 0 25 5 75 10 120

Dose (Mrad)

Signal/Noise



Performance with high background

*L.ook at hit
efficiency and hit
resolution as a
function of

Drop off
after 20%

40 50
Chip Occupancy (%)

a 10

RMS Resldual {micron)

Slope is 6 um/10%

uzl 1 1 1 ] 1 1 11

a 10 20 30 50

49
Chip Occupancy (%)

*The effect Is expected
to be significant in
1/10 of layer 1



LHC Trackers




Tevatron and LHC

. Emphasis shifted from vertexing to tracking ina ]arge volume: CMS VS

o Detector moclu]es, readout electronics and services inside trac!(ing volume —

material Bu&gct constraints



CMS Tracker layout

TOB
6 |ayer5 ¢l 02 03 04 ©0O5 06 0.7 LLE LR 1 1.1 12 13 1.4 L5
5208modutes | [/ // /S /S S f,-/ Y . e
r {mm l Z view M
L0 ___.f-""_'f 18
L0 - 'F____ 19
Single sided = , ‘ ‘ ’ | ‘ ‘ - 2
= — : 3
; 0 ) __:-. - 2
Double sided ™ ' ~—
(1 00 mrad 20 ] | I | I | | l | —
stereo angle) o T 1 e I Sy S S e "
:: iy —
. _ :

Interaction T .
0

2090 4 &00 00 waa L209 L4009 Lada L8009 200 2200 2400 2600 230 Z ( m m )

point
TIB TID TEC
4 layers 2x3 disks 2x9 disks
2724 modules 816 modules 6400 modules
Barrel: strips parallel to beam 200 m? of silicon sensors
End cap: strips in radial direction => Industry involvement + 25 institutes



Silicon Sensors

* Two producers: Complex logistics
— Hamamatsu Photonics (Japan)
_ ST MiCrUE|ECtrDﬂiCS (ltah.;) Sem_ﬂr]"abrita!icrn Sensor Fabrication
] Center HPE Center STM
« Four main Test centers Control &
— Supported by smaller tests in Distibiion Center
different locations e
— Irradiation
—_ Bond|ng tests 25% 25% 25% 25%
— Process Qua“fl"l:at'ﬂn & Test Center Test Center Test Center Test Center
Longterm stability Pisa Perugia Wien Karlsruhe

0. R
1% sensors § 5% sensors

~3% ts

O 40
Irradiation Bonding
Qualification Test

Centers Centers
Lounvain, Karlsruhe Pisa, Strasbourg




CMS contruction simple process...

CF plates:
Factory=>Brussels

CF cutting
Factory

CF cutting
Factory

Frames:

Pakistan

Brussels,Pisa

FE-APV:
Factory < IC,RAL

Control ASICS:
Factory = Company (QA)

Y

Hybrids:
Factories

Sensors: ‘

Factory-Strasbourg

Pitch adapter:
Factories=> Brussels

SN V1

!----tl------- Y S Louvain
Sensor QAC mang Wien & € KarlsruhelP»| Strasbourp
IIIIIIIIEIII‘ e - Firenz&
v AW
Module
assembly -
y_ ¥ y
Bonding

CERN

I FNALI UCSB

Padoval Pisa] Torino

& testing

P
!n:E'gra“on ROD INTEGRATIO
into
mechanics FNAL UCSB

.,‘+

Firenzell Wien JZurich ] Strasbour

Karlsruhe] Aachen

\ 4 vV VYV

TIB-TID INTEGRATIO

Louvain

PETALS INTEGRATION

Florence Pisa | Torino

Brussels

ST

Lyon | Hamburg

—

Strasbourg| Karlsruhe

TOB assembly
CERN

Sub-assemblies

TIB/TID assembly

Pisa

TEC assembl

Aachen

TEC assembly
Lyon@CERN

TK ASSEMBLY

CERN TIF




Pixel detectors

e Jhe Principle of Pixel detectors is an array of small independent Si pads
« [rovide unambiguous hit |
even in high occupancy
« Small pixel area -
small capacitance (1f]7/pix) -

large signal to noise (~100:1)

SegEcis
i

A




Pixel detectors

. Disadva ntages
, ~Wauadting — ATLAS Pixel Module

e Typed connector —

- Large number of electrical

connections
- Large power consumption

— coo]ing

decoupling

o EXPCHSiVC to cover large arca apaditars

— Suitable for innermost region

- ensar

near collision region where hit
J . o \Emmmo e
is hi ghest glue FVES | \ 4§ -
™T sensor  Dump bonds

ﬂggaﬁiﬁfgl ¥ 6.3 cm?




ATLAS Pixel detector

§f)arrer|s (5-12cm) and % disks (r=9-15cm)

8oM Pixclsj i.7m* area

R adiation hard up to 5 10'"" neutrons/cm?*

lnc{epcndent installation




CMS Pixel detector

e 3 Parrels (4-11cm), 2 disks

e 65M Pixels
e Aneventfrom high Pi|euP

run




Future prospects

_w . . i ' sensing cell
o Monohthlc active Pixe|s SENSOrs diverse NMOS electronic cells g

MAFS) on standard CMOS S
substrate are very Promising
candidates for exPeriments with

moderate timing and radiation

hardness requirement. y Y or ionising particle

B

.« DMAFS c!ePleteC! active Pixe|5
depleted P-substrate

Faster but more comP|ex due to higlﬂ

a i g
FET gate T

resistivitg silicon substrate cear gate

N clegr

"j;-——_'L

P source "
p drain

. DEF FET field effect transistors
on toP of {:u”fj clePIetecl bulk

depleted
n-5i bulk

(_ombines sensor and amPIiFier

P back co nh’_v:i



Future prospects

Non Planar detectors
Deep holes are etched into the silicon
- filled with n+ and p+ material.
- Voltage is appliecl between
- Depletion is sideways
Small distances between the electrode
Very low depletion voltages

\/erg fast, since clﬂarge: carries travel

shorter distances

ionising
pixel partlclie A

segmentati b —"P+
gmentatilon — — P
e S
/_r__-‘"_ . ‘

\ ' F

N+ ﬂ

N+
N+ P+

GND
N+"+HV Tateral

biasing

‘strip
segmentation

i
n,ﬁ!

\/erg radiation tolerant detectors, in discussion for inner detector |agc:rs at

SLHC.




More's Law for silicon trackers....

?
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