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We are all using Silicon in various configurations
Some of us are also using Germanium or Diamond

StStrips¢ NP, HEP, AP

LHC, KEK, GSI, ISS, Satelstltlon

StHybrid Pixelc NP, HEP, AP
LHC, GSI, ISS, Sateljifmosition

=°| ALPIDEproton radiography of a pen

On2b decay

Germaniumc¢ NP, AP
g Tracking T et

CSES — HEPD2

2014 - First CPS Detector

STAR HFT
0.16 m2— 356 M pixels

MAPS/CMO$ NP HEP AP
LHC, STAR, satellite, CBM, medjgasition, imaging

3D silicong HEP
Innermost layers Radiation hard; pOSItion geed

-v
[ -

" a

SiPM¢ NP, HEP, AP

LHC, GSI, ISS, Satellite, medical (PaYy) &photons, energy, timin

LGADs: HEP

. ATLAS & CM&iming, position

NP Nuclear Physics, HEP High Energy Physics, AP Astro Particle Physics



Historical aspectg Whyusesilicorf?

A Sinceb0ieslarge crystals for energy measurements
A Need for fast and precise position measurements

Where are silicon sensors better suited than gas detectors?

Fast~O(10ns)PreciseO(5um); very gooénergy resolutior-OgV)

| D

Take home

A 80iescharm quark tagging e = ")

A Late 80ied EP experiments, vertex track
A 90iesin hadronmachines FERMILAB = .. = -
A Todayin all LHC and HLHC experiments L;_% ,.,_

5
Fig. 4.23 4 t - u ar k hg into WHh, W—h, where one W decays leptonically with
ag= . K . _ Lo .
the signatul nergy. the second W decays into qg resulting in two jets
I ICO I I e e‘ O rS IVeS together w jets. In total one lepton, four jets. two tagged b jets and
g energy were reconstructed [15

momentum &vertexing 2 Ké gl ayQi é AfAO2Y dz
VAVS't‘;h gil\n/es ANeeded micrdithography technology cost
dJging ASmall signal size (need low noise amplifiers)

Ahf(_et!mes | ANeeded reaebut electronics miniaturization
Amixing background suppression Atransistors, ICs)

X Xand a lot of great physics! -



Content

Material Properties i @et the numberso

I How does the signal form?

Detector Structures and performancel strips, pixels, pads
- workhorses

Radiation
I Plus some measurement methods, as these deepen the understanding

More Sensor Concepts
i LGADs et al., 3D, MAPS/CMOS

Detector systems (will be rushed)

I just to give some impressions why we are doing what we are doing)



Material Properties



Intrinsic
T=0K
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pP-Doping - acceptor

n-Doping - donor Element V

conduction band

—-
—
ey

'I' T ' T T Ec conduction band
“u . ° . o8 o 9 00 e o0
~0.05 eV
=
Ryt open E; e S'ngle & \d"”a‘”m
L . - - . » * 2
BARAG S auts e || 1 T s
@ A o= | @@ e .
Byt palnalnclncinainaing SR | et = <
T T T T T T valence band T 9 i valence band
. __ I T CD nductiol
electron
| | | | ® ... single occupied level (electron) '_l l_'_ | |_. * .. single occupied level (electron)
° ‘e o ... single empty level (hole) o o o » o ... single empty level (hole)
Element Il
Typical doping concentr a¥atans/em®f or
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Material Properties Take Home

Drift velocity and mobility Electrons are 3 times faster then holes
- There is a saturation velocity 1E7 cm/s

Drift velocity v

For electrons: | v = -u,-E | andforholes:| v, = pu, -E
Mobility m “er, e,
For electrons: | “n = and for holes: | “» =
n p
u( Si, 300 KJvs & 1459 ,cn800 RYs a 450
10x10° _ —
Vn=pné
T e o _~"| ELECTRONS
s |7 7
>i: 6 / Ve = / 4
: 'l/ " #pe//ouss e & electron charge | |
M N S e é external electric fi
;2//’/ m,, m, éeffectiveandimes of e
3?'/ Sk t,,t, émean free time betwee
05 1 > 3 4 %109 for e and holes
£(v/cm)
De phl CMS Source: S.M. Sze, Semiconductor Devices , J. Wiley & Sons, 1985




Constructing a Detector

Estimate Signal to Noise Ratio SNR in an intrinsic silicon detector

Let s make a simple calculation for silicon:
Mean ionization energy |, = 3.62 eV, mean energy loss per flight path
of a mip (minimum ionizing particle) de/dx = 3.87 MeV/cm (rf. Bethe)
Assuming a detector with a thickness of d = 300 um and an area of A =1 cm?.
C Signal of a mip in such a detector:

dE/dxxd _ 3.87x10°eV/cm>0.03cm
|, 3.62eV

C Intrinsic charge carrier in the same volume (T = 300 K):

n dA=1.45X10"cm*>0.03cmxlam’ » 4.35X10° € h*- pars

C Number of thermal created e' h*-pairs is four orders of magnitude
larger than signal!!!

» 3.2X.0" € h*- pairs

Charge carrier have to be removed!
C Depletion zone in reverse biased pn junction



The p-n Junction

Creating a p-n junction

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

The space charge region is free of charge carriers - the depletion zone .

Voltage
P N
f0ooo00c ]| [0 066
e 5 e e e O 0 0.0 ®
oo o | Le o o6

© ... acceptor + ... empty hole

@ ... donator — ... conduction electron

Take home: (acceptor zone) has negative space charge thus attracts holes




The p-n Junction
Electrical characteristics

pn junction scheme
p i d-a-pJat_linzula- ) n

= ¥
2 .84+870

A L
D
X
space charge density
+0
=i
-0
& ... acceptor + ... empty hole
& ... donator — ... conduction electron

10

Take home:
Fields defined by doping concentration N (& voltage)

concentration of free charge carners

My

L

Poisson Equation: — —" (W

I (charge density) IS constant in (+/-) depletion zones

electric field ‘ CX(L))( (.0

Take home 2:

\/ x | Electrical fields
linear

electric potential B (00)( W

=

/

& B (@) B @)o

w=width of depletion zone



The p-n JUﬂCtion Take home:

: . . Fields and potentials completely defined by
Operation with reverse bias doping concentration & voltage

P-n junction with reverse bias

Applying an external voltage V with the
cathode to p and the anode to n e- and
holes are pulled out of the depletion zone.
The depletion zone becomes larger

)4

C That s the way we operate our semiconductor detector!

1 Reminder, depleted n has positive space charge, depleted p has negative space charge i TAKE HOME
l.e. electron move towards p-type



Detector Characteristics

Capacitance and Depletion Voltage of a detector

Depletion voltage Vg is the minimum voltage at which the bulk of the sensor is fully depleted .
The operating voltage is usually chosen to be higher (over-depletion).

- High resistivity material (i.e. low doping) requires low depletion voltage.

—m— 500pum thick (geom 1) p1
D2 2600 - -\ \ " —*—sooﬁm thigk (g:gm 1) :
VFD = | e | e 400um thick (geom 1) p1
2enr LS 200pm thick (geom 1)
- * | —v— pm thick (geom
2400 \:k\ \.\ —o— 400pm thick (geom 2) E1
3 L |
. . . . o » | —o— m thick (geom
For a typical Si p-n junction (N, >> N, >> n,) g 2200 00 20000000000009990009999999999999990909909000
the detector capacitance is given as: S TR r——"
S \
g 2000 A n
8 - ‘.I
. \/ &8 a o s S
2 ‘V‘ . full depletion
Ve . . . . 1600 ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I '
r e specific resistivity of the bulk 20 45 70 95 120 145 170 195 220 245 270
m ? mobility of majority charge carrier Voltage [V]
V é bias voltage _ _
A é detector surface Measured detector capacitance as a function of

Dé detector thickness thebiasvoltage, CMS strip detector:

12



The p-n Junction
Width of the depletion zone

Example of a typical p*-n junction in a silicon detector:

Effective doping concentration

N, = 10% cm'3in p+ region and N4 = 1012 cm'3 in n bulk.

Without external voltage

Applying a reverse bias voltage of 100 V:

W, =0.02 pm
W, =23 pm
W, = 0.4 um
W_ =363 um

Width of depletion zone in n bulk:

with

—

W = \/2808“(1@

" oullep)

Take home:

13 Depletion voltage ~ thickness

2

EEEE L
n

Ny =1012 cm—3

wn 00¢g

PN junction

V é External voltage

r € specific resistivity

m & mobility of majority charge carriers
N eeffective doping



The p-n Junction

Current-voltage characteristics

Typical current-voltage of a p-n junction (diode): exponential current
Increase In forward bias, small saturation in reverse bias.

I(mA)
| eV
. [ =1, -|exp{-—|-1
Operation mode 4 kT
S FORWARD
al " CONDUCTION
1
Ililﬁ,‘.llllllljllv(v)
-6 -5 -4 -3 -2 -1 0
_1 L
_REVERSE -2 - Take home:
BREAKDOWN 3l Current ~ exp(-T)
ol Can we use that?

S.M. Sze, Semiconductor Devices , J. Wiley & Sons, 1985



Detector Structures
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Pad Detector

The most simple detector is a large
surface diode with guard ring(s).

Si02

ik mE aE e 8
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0o0000CO00000000
0000000000000 0O0
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Microstrip Detector
DC coupled strip detector

Traversing charged particles create e"h* pairs in the depletion zone
(about 30.000 pairs in 3 0 dnrimickness). These charges drift to the electrodes.
The drift (current) creates the signal  which is amplified by an amplifier
connected to each strip.

P A Nso al\

\
A typical n-type Si strip detector: :EJ:JQ\:E:
é é? T p+-Si
& .
? é? n-Si
0 p*n junction: Iy ¢
N, & 105 cm3, N & 1-5-1022 cm3 _ i e
——————————
o n-type bulk: 7 > 2 k\Wem oy "a
(v: thICkneSS 300 IJ,m = RGN Detector § imulat ion555555555555555sssszsszzzzzzzzzzzz.zzzzzzzzzzzzJ X
o Operating voltage < 100 - 600 V (900V). = *= o ‘ —
>

0 n* layer on backplane - ohmic contact

o Aluminum metallization w

17




Microstrip Detector
AC coupled strip detector

AC coupling blocks leakage current towards the amplifier.

AC coupled strip detector:

Integration of coupling capacitances
In standard planar process. Sio Zk Zx Zx

| Al
Deposition of SiO, with a thickness of 100 - 200 nm \2 Y

between p+ and aluminum strip Y Y Y

Depending on oxide thickness and strip width the N ohg
capacitances are in the range of 8i 32 pF/cm. Pl

Problems are shorts through the dielectric (pinholes). n-Si

Usually avoided by a second layer of SigN,.
‘ \AI

V> 0 (bias voltage)

However, the dielectric cuts the bias connection to the strips!
Several methods to connect the bias voltage:
polysilicon resistor, punch through bias, FOXFET bias.

18



Microstrip Detector
a real-life case - p-In-n

Pad resistor R;ay

Si02 covering Si

2 .
AR e ™

gon

-1,.:.;:\5:.-
TS

»

ff.‘w‘-

e
A 3% W

ot -

pU7es Lo B
5

alignment
marker

aluminium backplane

Fig. 1.19 A 3D schematic i1s sketched. It shows the baseline of the CMS sensor at the LHC in
2008, but could represent basically any single-sided AC-coupled, R;01y biased sensor. In operation,
the bias ring 1s connected to GND potential, which 1s then distributed to the p+ implant strips,
while the Al backplane 1s set to positive high voltage depleting the full n-bulk volume by forming
a pn-junction p+ strip to n-bulk. The coupling capacitor is defined between aluminium strip and
p-+ implant, the inter-strip capacity between neighbouring strips (both p+ and Al part). The guard

ring shapes the field at the borders. The n++ ring defines the volume and prevents high field in the
real cut edge regions



n-in-p sensor (for Phase 2 aka HL-LHC)

alignment
marker

Invert everything
... and add channel isolation (here p-stops)

% @ < e ' s
& alignment
' marker

aluminium backplane

R

n** layer

s

aluminium backplane

e :
e

TS T
s - 3
N

This lecture does not address channel isolation techniques



Electrical Field Configuration of a
Strip Sensor p-in-n

Y [um]

0
50

100

200 -

250 -

0 100 200

X [um]

Do you understand
the electrical fields?

Abs(ElectncField) [V"cm®-1]

. 5.0E+04
4

JE+04

3.2E+04
Z2.3E+04
I 1.4E+04
5.0E+03

1
400
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Electrical Field across a Strip

0

P-IN-N
40000 |-
o _ Increase/concentrates
~ .
> near strip electrode
~ 30000 -
kS
LL I Remember:
G 20000 - Linear electric field in bulk
X I
=
O i Lineal
D 10000 |
LLI »

i ] ] | I | ] ] ] I ] ] ] I ] ] | I | ] ] I ] ] ] I ]

0
ero?

50

100 150

Depth [um]

200

250 300
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Simulated Current Density
lonizing particle with 45° angle t=0 s

Simulation Thomas.Eichhorn

p-IN-n

0

50
100
E 150
=,
>~
200
|Absolute values|
Abs(TotalCurrentDensity) [A'cm*-2]
250 BB 1.0E+01
4.0E+00
300 1.aE+00
6.3E-01
'2.5E-011
1.OE—E?'100
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Mind:
all electrons

collected




Do you know how the signal
formation works?

2
A  Poisson Equation:
3 NO 3 o 4
y) = qzo o q
A GaUSS (@) = Im(a2 +y2 + 22)7

BOQ® —B” Qo q
-q

T e e

40
Graphics from Werner



Induced currentl Shockley-Ramo

Take home: All signals in particle detectors are due to induction by moving charges.
Once the charges have arrived at the electrodes the signals are @vera

The drift is recorded - the height of the signal is linear proportional to the velocity of the charge

tHi 7

P—
LG

Si Signals are fast T<10ns.

In case the amplifier peaking time is
>20-30ns, the induced current signal
shape doesnodot matt

The entire signal is integrated.

E,, IS called weighting field T geometry
(distance, capacitance, shape)

“

o \ y p = . A >4 | A >4 y
Q) H o tS(e(IM(IM(I)
W
From G. Lutz
60— e TEELE e e -
- p-In-n :
20% over-depletion-
! Total
40
< ~ Electron
et i ~ o (S,
T .
& = ,
5 o, T
W20 et o T N n
' Hole e -
Hp( S 300 R¥Ys a 450 cm ,
o» , . e S
0 1 2 3 4
Start: mid-sensor time [ns]

Take home:
What is this E,, and can we use it?

Take home2: | ~ Vv ~ E

41 Gas detector work the same, though the electric field in gas is constant and in Silicon it is linear



E,, Welghting field (geometry) in effect

5 a = strip widths / sensor depth

@ p-electrode

strip width/depth = 1/8

2 06

eule|d>pelq-u @.

0.6
o00 depth [um]

o
o=
]
e e

T similar picture for pixels

Meaning:
A The smaller the electrode the more the movement near the electrode counts (weighting)
A With small cells only movement in the near electrode counts

l.e. only the charges moving towards the electrode counts, i.e. 80 to 99%

l.e. for a = 0.01, movement only counts in the very close vicinity (some um)



E,, weighting field ~ geometry

A

A

43

An interesting fact is that for diodes (or large pad detector) with an entirely linear E,, field
A electrons and holes contribute the same to the electrode (pad)

For fine segmented sensors pixel and strip one charge type contributes much more;
because the electrical and weighting fields concentrate at the electrodes;

A We therefore oftens a vy

1. 1,
ix(t) =qp V_OEW -U(x(t),y(t),z(t)) =qp—Ew -pn-E
/

< 10%

N/ 5%

N/ e o

Strip width = 1/8 drift depth

0 we holes|or veecdllgct electrons J

3

Vo

Edrift l

Pixel diameter = 1/8 dfift depth

The future CMS High Granularity Calorimeter will register both electrons and holes

A Basically, a pad detector (with many pads)

10G "MeJ NN AY UUY ‘6030939 UL Sanbiuyoa] 9s10\-moT ‘BYopeY A

The future HL-LHC tracker will register electrons (mainly)
A The current strips registers holes (the pixels electrons)



Strip Sensor to Module

Support Frame Micro-Bonds  Front End Hybrid

(carbon fiber / graphite) with flex tail

[

Silicon strip sensors
912 strips (2x10cm length)
|

readout ASIC ‘

\¢ {

B —
A ————— -
e ————
e —

, e g 2

Glas Pitch Adapter

24 - bias voltag(éck) + filters
- temperature sensor




Hybrid Pixel Detectors

Principle
—+lip-Chip° pixel detector: Detail of bump bond connection.
On top the Si detector, below the readout chip, bump Bottom is the detector, on top the
bonds make the electrical connection for each pixel. readout chip:
Silicon sensor Chip pixel Solder \ front end
(285 um) unitcell bump electronics

under-bump metal -+— pbump connection

sensor

Readout chip ' |
(180 um) .

particle track

; : L. Rossi, Pixel Detectors Hybridisation,
Courtesy of Paul Scherrer Institut Data Nucl. Instr. Meth. A 501, 239 (2003)

Drawback of hybrid pixel detectors: Large number of readout channels

Large number of electrical connections and large power consumption.

45



Silicon Pad detectors i here, for calorimeter
CALICE & CMS High Granularity CALorimeter

A Hexagonal sensors to maximize use of wafer area
A 120, 200, 300 nm thick n-in-p pad sensors
A cCell size ~0.5 or ~1 cm?

A Smaller cell size in central region
A High occupancy and noise reduction (capacity)

A Cells are wire-bonded to a PCB on top with holes

\
<
‘.
\

-
L

——

thinner = more radiation tolerant

-- higher radiation at lower radiw

8 d afirstin HEP High Energy Physics



Performance



Signal to Noise Ratio

0 The signal generated in a silicon detector depends essentially only
on the thickness of the depletion zone and on the dE/dx of the particle (see Bethe).

Take home: No charge amplification as in gas detectors

0 The noise in a silicon detector system depends on various parameters:
geometry of the detector, the biasing scheme, the readout electronics, etc.
0 Noise is typically given as —equivalent noise charge® ENC.

This iIs the noise at the input of the amplifier in elementary charges.

noise distribution

A

N As
als
[] n
[ ] [ ]
n |
] |
[ ] ]
[ ] [ ]
[ ] ]

.— Landau distribution
with noise
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Signal to Noise Ratio i seet, dependency

Noise contributions

1.Leakage current (ENC )
T
ENC| = — —p -
e
2.Detector capacity (ENC ()
1
ENCC=a+b°C b:t_
P
3.Det. parallel resistor (ENCg)
KTt
ENCpy = — |——"
e \ 2R,
4. Det. series resistor (ENCg,)
KT
ENC.. ° 0.393C R:—
P

50

Detektor R tp
[H ’ E——|H >
él R, == C

Alternate circuit diagram of a
silicon detector.

-

e. e
el ntegration

e é Electron charge R 6 Series rWsis
C. eDetector camRgeiPtyal hepPM e

The overall noise Is the quadratic sum:

Euler number (2.718...) t
ti me in Os

P

ENC = [ENCZ + ENC? + ENCZ, + ENC3,

Typical values for SNR are 15 to 40.

Take Home: Watch out for capacitance and current i they are bad




Position Resolution

Threshold (binary) readout versus analogue readout

o Thres

o

C

C resolution:

nosition:

nold readout (one strip signal):

X =glrip postior

O, ~ +—

p

X \/ﬁ

p € distance between strips
(readout pitch)

X € position of particle track

0 Analogue readout with interpolation (signal on two strips):

C Position (charge center of gravity):

V4

X;,X, € posi tsiandn

X = X, + h, (Xp = X4) = hixy + hyX, 24 strip
h, + h, hy + h, h,h,é si gn&éandon
5 2"d strip
C resolution: D S NR signal to noise ratio
S, 11——
» " SNF

A position resolution of a few um
IS achievable with analogue readout !

Centre-of-Charge

O



Silicon properties

I the numbers are simply right

And detector relevant:

Table 1.1 Silicon properties

Parameter Symbol Unit Value a

Atomic number 14

Relative atomic weight 2055

Structure diamond

Lattice constant an A 54307

Lattice crientation (111

Electron configuration: 1572542

Diensity o g-.:m_3 2328

Melting point T “C 1414

Boiling point I, L 2355

Gap energy ( 300 K0 K) E; eV R O —

[helectric constant £y 11.7

Intrinsic carrler density mj cm ™ |.45 « 10710

Maobility

— of the electrons L cm? [Vs] ! | 350

— of the holes Lig cm® [Vs] ™! 450

Effective density of states

— of the conductance band N, cm ™ 3,22 w10

— of the valence band Ny cm ™ | .83 « 101

Max. electrical feld Emar Vim ! A0

Thermal expansion coeftficient L/ 2.5 % 107¢

[ntrinsic resistivity kLl cm 235 -
a

52

. the average energy loss
and high ionized particle number
with 390eV/e mpD 108 (electroni
hole pairs)/e ms effectively high
due to the high density of silicon*
= No charge amplification needed

. for every 3.6 eV
released by a particle crossing
the medium, one electroni hole
pair is produced.

(30 eV to ionize a gas molecule)

O(10ns)

s Self supporting

* For 300um thick sensors
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Examples of crystal defects
a defecocérgy ol eveddopamt t he

e O O O o O O o
o ' o o o ® @
Frenkel pair

substitute

o O ® o o 0 ©
- Cfi Interstitial impurity
o © o O O O o ¢

Take home: There is more than Interstitials and Vacancies; especially with impurities present

o4



MI nd O
Rule of Thumb:

0 Leakage Current
0 Depletion voltage

0 Trapping

- Re
- Re
- Re

A\ 4

t he

evant from E13 1MeV N

evant from E14 1MeV N

evant from \E,15 1MeV N

Gapo

onwards 1 LHC
onwards - LHC
onwards i HL- LHC

equiv
equiv

equiv

(a)

Leakage current

(b)

Depletion voltage

(c)

Trapping, CCE

. (d)

1 Enhanced generation

Increase of
generation current

Levels close to midgap .

. Creation of charged defects Shallow levels 1 —> leakage current
upper band: donor trap e
lower band: acceptors trap h A =i BpaDs Enalge

SN

2N

are most effective — Ne“; VFD — lower CCE
E.
+
donor electrons
acceptor holes
Ey

Shockley—Read Hall statistics
(standard theory)
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. N

. Inter—center charge

transfer model

(inside clusters only)

enhanced after

diffusion — annealing

,.
c

120

©
c
g8}
O
b)
e
e
=
L)
b)
>
Q
g
©
qv]
e
o
=
(05
D)
| -
qv]
(05
e
O
(D)
e
(D)
A




Some Relevant Radiation = o] [Eo0m
Induced Defects oo,
Conduction Band N 'E/
) E30(0/+)
VO(-/0) (O/+) ==t —
V. (=/- ‘BD (O/++)
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56 ) . . ) * Point defects
Reminder N4 = [N, - Np| defines fields and depletion zone gcan only do point defects




Then there is Adiffusioni an(nealing)
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Thetermii d i f f uused bereds more a descriptive one combining effects like diffusion, migration, break-

up, re-configuration of defects 1 also often summarized by the tetmflanneal |l n 0 0

[Mika Hubtinen ROSE TIN/2001-02]



Macrosco P IC param eters (in n-bulk FloatZone sensors)

1. Change of V__ (N_p») 2. Increase of leakage current
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Evolution of Vi,

V]
3
8

=

Irradiation

500
400
300

200
100

Full Depletion Voltage
N
3




60

Real Life: CMS Strip Tracker Currents

Rise due to
radiation

\ Long Shutdown (LS)

Drops due to
annealing

/ \ Technical Stops

Ramping down in temperature remember |~eF9ap/kT
You can dial your leakage current at any momentJ

Values from DAQ
therefore not continuous

Drop due to
temperature

Run 1A Run 2:
change of temperature
from +4C to -15C

e

Rise due to
radiation




