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SEMICONDUCTORS SOLID STATE 5 - 1/43

ELECTRONIC STRUCTURE OF MATTER

SEMICONDUCTORS:
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G. Lutz, Semiconductor Radiation Detectors (Springer 1999)
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SEMICONDUCTORS

PROPERTIES OF SEMICONDUCTORS ((300°K)

CRYSTAL Si Ge GaAs Diamond
Minimum energy gap 1.12 0.664 1.42 5.48
Density of states in conduction band N (cm™) | 3.2 10" 1.04 10"
Density of states in valence band Ny, (cm™) 1.83 10" 6.910'8
Intrinsic carrier concentration (cm™) 1.02 10 | 23310 | 2.110!
Mean energy per electron-hole creation (eV) 3.63 2.93 4.35 13.1
Fano factor F 0.115 0.13 0.10 0.08
Electrons mobility (cm?V-!s1) 1450 3900 8800 1800
Holes mobility (cm?V-!s!) 505 1800 320 1600
Atomic number 14 32 31433 6
Average atomic mass 28.09 72.59 72.32 12.01
Density (g cm™) 2.329 5.323 5.317 3.515
Relative dielectric constant 11.9 16.2 12.9 5.7
Melting temperature (°C) 1392 917 1220 3907
Radiation Length (cm) 9.36 2.30 12.15
Resistivity (Q cm) 2310 47 310

G. Lutz, Semiconductor Radiation Detectors (Springer 1999)
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SEMICONDUCTORS SOLID STATE 5 - 3/43
THERMAL CARRIERS GENERATION

Probability of a jump of electron-hole pairs from the ik

valence to the conduction band: 00 800 600 500_s00 300273
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2 7T — - AN\
P(T)=CT?e 27 EG=EcEy oS,
. 4 l\ “, -
E, E: energy of conduction and valence bands I W WA W
tOn' S— " ™
Density of free n and p carriers at the temperature T: o \ AV e
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SEMICONDUCTORS
CARRIERS MOBILITY

Drift under effect of electric field
- electrons: v, direct motion
- holes: v, backwards jump of electrons

Mobility:
v

“=%

EXAMPLE:
1 mm thick silicon at 300°K
AV=100 V (E=1 kV cm™)

1.=1450 cm?Vv-ls!
=505 cm?V-ls™!

v,=1.45cm ps’!
v,=0.5 cm ps!

Total 10onization collection time:
T.=70ns
Tp= 200 ns

SOLID STATE 5 - 4/43

DRIFT VELOCITY OF CARRIERS IN SILICON
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INTRINSIC SEMICONDUCTORS SOLID STATE 5 - 5/43

SOLID STATE IONIZATION CHAMBER

For 1 mm thick silicon: .
Energy loss of minimum ionizing particle ~ 0.2 MeV
Total electron-hole pairs

0.2 10°
T 36

Total electron collection time (100 V cm™!) ~ 70 ns
Signal current
_AQ _510°1.7107"

I =06
S At 15107 ud

n =510*

For 1 cm? detector, the leakage current due to the detector resistivity is:
vV Vv 10°

ly=7=—F=——"7=50mA =2 10° Q cm

@ 10

For diamond (p=3 10" Q cm) Iy~ 3 nA

6
- 0'1231? 1510 I~ 0.17 ud

n
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EXTRINSIC SEMICONDUCTORS SOLID STATE 5 - 6/43

DOPED OR EXTRINSIC SEMICONDUCTORS

Addition to silicon of trace impurities (ppm), replacing the silicon atom in some nodes:
Donors (5 bonds): phosphor, arsenic: one free electron (n-type)
Acceptors (3 bonds): boron, aluminium: one missing electron (free hole): p-type

CONDUCTION
ELECTRON

(a)

CARRIER DENSITY IN DOPED SILICON

np=n;’

For 1 ppm addition of n-type impurity (N,=10%3 cm™): n-type wntrinsic type

1017 cm-3 ‘o : M
n~ 10"’ cm™ -> majority carriers onon M \ \\
ACCEPTOR

. 2N 20 IONS OO0 0O0O0O0O06
and from np=n, 10 00000000000
~ 3 _3 i . . . ® IONS
p~ 10°cm™ -> minority carriers 7 /"/ Gk i W//

///////

b)
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EXTRINSIC SEMICONDUCTORS SOLID STATE 5 - 7/43

RESISTIVITY: STRONGLY DEPENDENT ON DOPANT CONCENTRATION

HIGH RESISTIVITY:
DETECTORS
10:‘\ TTIT T v
T TOT T T T T T T T T T 77
10 — -—
g 1 = p-Type =
c — -
< 8 .
>107 n-Type i
> - -
2 - u
@ | .
w
e 1077 = —
- p
- —
10— z
- LOW RESISTIVITY: -
N SEMICONDUCTORS —
—1
qo-<L vl v oeond v v ped v vl iy
10'¢  10'¢  10'€ 107 10'® 10'¢® 102 102

Impurity concentration (cm ™ %)
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DIODES SOLID STATE 5 - 8/43

p-n JUNCTION: DIODES
p-type Si n-type Si

® D o O ©
eiefe *Qbﬁ@@'@@'
(

depletion region
«

COOLOLLOIL @ © @
OTOUT0Ie 0 © @

+ 4+ L + +

Carriers concentration:

Static charge density: | I
Electrons and holes density: —
Electric field:
\/

Potential:
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DIODES SOLID STATE 5 - 9/43

DIRECT AND REVERSE POLARIZATION

CURRENT-VOLTAGE: 4
+ DIRECT VOLTAGE - 20mA T
D DIRECT
10 mA +
-l n
- REVERSE VOLTAGE + -100,V 50V Ly
REVERSE ol v 2v
DIODE DETECTORS: REVERSE VOLTAGE H
The depletion region increases with voltage until 1 uAT

reaching the p-side contact

o— —

RECTIFYING CONTACT — —®
OHMIC CONTACT

o— —
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DIODES SOLID STATE 5 - 10/43
JUNCTION CAPACITANCE AND DEPLETION REGION

The diode capacitance decreases with the increase of reverse bias, until the junction is fully depleted

1000
800
600

400 -

CAPACITANCE (pF)

200 -

0 y T v T ' T 7 T T 1
0 10 20 30 40 50
REVERSE BIAS VOLTAGE (V)

REVERSE LEAKAGE CURRENT

7 1 n, W T : majority carriers lifetime
w5 W : thickness of depleted region

Typical value 1I;,;,,~ 50 nA
For MIPSin 1 mm Si /g~ 0.6 pA @
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SEMICONDUCTOR DETECTORS

SIGNAL INDUCTION BY MOVING CHARGES

SINGLE CHARGE:

dv
dq=Q7=Q—

ELECTRONS AND HOLES:

SOLID STATE 5 - 11/43

_____,,,_____,,_______,,_____,,_______,_15'1 ________________________________________ S
T x »»»»» =
e e e . S, RS
o o o
q(x) dx q(1) dW dW
i(t)=Lw i) | eth
d
s
ih<r)=%wh B ]
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SEMICONDUCTOR DETECTORS SOLID STATE 5 - 12/43

REAL DIODE: NON-UNIFORM ELECTRIC FIELD, PARTLY DEPLETED VOLUME

60

D
o

3

current [pA]

N
O

G. Lutz, Semiconductor Radiation Detectors (Springer 1999)

Fabio Sauli - CHIPP Winter School 2010



SIGNAL TO NOISE RATIO SOLID STATE 5 - 13/43

SIGNAL:

AMPLIFIER

N % Cn

DETECTOR

v

mn

NOISE SOURCES:
* Thermal noise

» Low frequency voltage noise
» Shot Noise

o T
Equivalent Noise Charge Signal+Noise

ENC=A+BC

Noise

det

LARGE DETECTOR CAPACITANCE:

.
.
‘.
.
‘e
.,
-----

-Smaller signal
-Larger noise

G. Lutz, Semiconductor Radiation Detectors (Springer 1999)
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SEMICONDUCTORS MANUFACTURING SOLID STATE 5 - 14/43

DOPING METHODS

HIGH TEMPERATURE DIFFUSION:

NP JUNCTION

p-type implant
% ¥ w

n-type silicon

v ~

n" implant

ION IMPLANTATION:

dopant ions PN JUNCTION .y

L

p-type silicon

p" implant
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SILICON DETECTORS

SILICON MICROSTRIPS FABRICATION

Doped

silicon wafer Si-n

Photoresist
deposition
Masking and
UV exposure
Oxide removal

SOLID STATE 5 - 15/43

11111l 1111111] B
VVVVVVVVVVVVVYYY

PRI s

S I i

Photoresist m—
Aluminum F__-__ﬂ
deposition
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SILICON MICROSTRIPS SOLID STATE 5 - 16/43

STRIPS POWERING AND READOUT BUILT-IN CAPACITOR
II> Thin Si10, layer (~0.1 pm)

L —_—

= 3= +
T 3T P

u n
POLYCRISTALLINE SILICON RESISTORS

Al
p+

Si-n

AAAAAN-
VVVVV
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SILICON MICROSTRIPS SOLID STATE 5 - 17/43

CHARGE SHARING: REDUCE THE RESISTIVE
NUMBER OF CHANNELS READOUT

CAPACITIVE .
Si0, +
P
Al e
pt
n- n?
nt
120 pm pitch strips with 5 intermediate strips: LOCALIZATION ACCURACY
& 4
S 4 S1200 |
5 R+L 5F TR
3 1000 |- sigma=9.3 um
o 0.8 i
2
S 800 (-
0.6 C
_ 600 —
0.4 _
] 400 -
0.2} -
200 |
ol w0 ob.L. R B AP NP BN Loyt
0 20 40 60 80 100 120 -200 -150 -100 -50 0 50 100 150 200
Predicted Position, um Reconstructed—Measured Position, um

C. Coldewey, Nucl. Instr. and Meth. A447(2000)44
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POSITION SENSITIVE DETECTORS SOLID STATE 5 - 18/43

IONIZATION CHARGE COLLECTION AND DIFFUSION

o =1/2Dt D: diffusion coefficient

D= uk—T Einstein’s expression
e

/ZkT
O =+—s
eE

For electrons and holes in 300 um silicon ¢ ~ 6 pm

oo
LOCALIZATION ACCURACY vs ' s
ANGLE OF INCIDENCE o(um) 1 B
30 + e
w -
D (1) 20 -“IJ o0

angle °
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TWO-DIMENSIONAL STRIP READOUT SOLID STATE 5 - 19/43

n : OHMIC SIDE: CHARGE ACCUMULATION
Rectifying side strips

7,
Yl
. V/ L7 L P-STOP STRIPS:

n p*
Ohmic side strips
SiO, Al
ELECTRIC FIELD: . . .
p p p
290 | 24
285 S
280 2
g_ 275 9,
é 0 20 40 60 80 100
k=
g
N L

X (Y) coordinate (um)

Fabio Sauli SCH PP SIA SIS oty and Meth. A556(2006)100



SILICON MICROSTRIPS SOLID STATE 5 - 20/43

+
EDGE FIELD DISTORTIONS:

Efficiency and leakage current problems @ nt
~
@ N\ \ \ |
LY \ \ \ I
“ \\ \\ \‘ |
NV \ : TORV
I-G_)‘ N \ \ \ i
~ A \ i |
LS WY \ 1 |
© CURNEAAN 1 |
EDGE GUARD RINGS: R T N
i
[
o |
Guard ring “\.\ l
N
’ Bias ring L3

AC pads
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SILICON MICROSTRIPS READOUT SOLID STATE 5 - 21/43

SIGNAL FOR MIPS IN 300 pm SILICON: .
~ 25,000 ¢ (~5 fC) yComss

TYPICAL NOISE FOR FAST AMPLIFIERS: R .
~ 1500 e rms ,__\Asi',"i>
det Ccoupling
MULTIPLE SHAPING CONSTANTS
FOR FAST RESPONSE preamp differentiator integrator

1000 - 1 LI L i I T T -
s Tl S LN . S T R R

1% s L. e - ;
% , -
A3 / . s
v :
¢ .
1 i v £

% High-pass filter = Low-pass filter
2
g DIGITAL READOUT

THRESHOLD

1
-100 0 100 200 300 400 500 600
t—1toinns I\

{2) different peaking times, fixed conversion gain: 27 mV /iC I/ DISCRIMINATOR

ANALOGUE READOUT GATE

4[>_ FLASH ADC
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SILICON MICROSTRIPS: READOUT ELECTRONICS

ANALOGUE SHIFT REGISTER:

WAITING FOR THE TRIGGER

PARALLEL IN-SERIAL OUT:

PARALLEL INPUT

ADC
| |

SERIAL OUTPUT

>-COOne

CLOCK

—

SOLID STATE 5 - 22/43

TRIGGER

L

ADC

ANALOG SHIFTING MEMORY

APV25:
128 channels input

196 analogue memory cells (25 ns clock)
serial ADC output (100 kHz)

Preamplifiers
& Shapers

Analogue

Pipeline

Bias
Generator
Pipeline
Control

Calibration |
Circuit

Fabio Sauli - CHIPP Winter School 2010

_ APSPs

Differential

: = Current

Output

Analogue
Multiplexer

Standard
Cell Control

M. French et al, Nucl. Instr. and Meth. A466(2001)359



SILICON MICROSTRIPS:CONNECTIVITY

WIRE BONDING

ultrasonic vibration

Fabio Sauli - CHIPP Winter School 2010
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SILICON MICROSTRIPS SOLID STATE 5 - 24/43

CMS TRACKER

MULTI-LAYER ASSEMBLY
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CMS SILICON MICROSTRIP TRACKER SOLID STATE 5 - 25/43
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SILICON PIXELS SOLID STATE 5 - 26/43

HIGH MULTIPLICITY:
SILICON PIXELS DETECTOR BUMP-BONDED TO READOUT ELECTRONICS

With I/O Pads

Plate Solder
Redistribution _

Strip Resist
With BCB

- T A
UBM Deposition
Reflow

Apply and
Define Plating Etch Field
Template UBM

Y

E. Heijne, Nucl. Instr. and Meth. A541(2005)274
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SILICON PIXELS

ALICE SILICON PIXELS DETECTOR

Al/polyimige laminate - the bus

Bump \ R
Pixel chip e

Multi chip module

SOLID STATE 5 - 27/43

A. Kluge et al, Nucl. Instr. And Meth. A582(2007)728
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RADIATION DAMAGE OF SEMICONDUCTORS SOLID STATE 5 - 28/43

RADIATION DAMAGE IN SILICON Point defect O Cluster damage

—

e Creation of recombination and

trapping centres . Displacement damage in Silicon

» Change in dopant concentrations ) for neutrons, protons, pions and electrons
° Increase Ofleakage Current ].0 ; I | IIIIIII\\I\I "'”W LI IIIIIII LI IlIlIII I | YIIIIII | IIIIII[ LI lllHI | IIII%
2 F \‘\\ —— neutrons: Griffin; Konobeyev; Huhtinen -
10° = \\\ ——— protons: Summers; Huhtinen g
= SN e pions: Huhtinen -
102 ;_ protons \\\ ————— elections: Sutimers _;
3 Y 3
= r S~ T
§ 10[ g_ \\\\ —g
2 100 - ~
o F pions E
N S A E
= 1020 neutrons el -
A E .~ electrons E
10-3 E- =
107 - 5
10;: 1 II\I!IVI 1 | VVVH" 1 1 Vll'l!l 1 1 !l\l'll 1 1 \\[ll'l | | [IVHI[ | 1 VIIH!I 1 1 !l!ll?

. - - : )
104 10* 10?7 10! 10° 10! 10? 10° 10°
E|MeV]

4. Vasilescu & G, Lindsiroem

G. Lindstrom, Nucl. Instr. and Meth. A512(2003)30
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RADIATION DAMAGE

DEPLETION VOLTAGE VS RADIATION FLUX:

g e 10°
= 5000 7
2 -
S 1% v 10
S 500} - =600V
|| - |
= 100L 1
Z 10+ _:100
_§‘ 5:_ n - type "p - type" ]
— 1L
:l_l. .....A.lo .......Il . ..A...A|2. N 107!
10 10 10 10 10°
12 -2 Data from R. Wunstori
O, [107em™]

G. Lindstrom, Nucl. Instr. and Meth. A512(2003)30

chf| [ 10” Cm—3 ]

10

]

e

Al/V [A/cm

10

10

107~
10~

107

6]

10!

SOLID STATE 5 - 29/43

INCREASE OF LEAKAGE CURRENT:

D

3

4

T

EO0=EG2 e |

T
n-type FZ -
n-type I'Z -
n-type I'7Z -
n-type I'7Z -
p-type EPI -

Tto 25 KQaor
7 KQcem
4 KQcem
3 KQem

2 and 4 KQcm

n

n-type I'Z -
n-type I'Z -
n-type I'Z -
n-type I'Z -
n-type CZ -

p-type EPI -

780 Qcm
410 Qcm
130 Qcm
110 Qcm
140 Qcem
380 Qem ]

Fabio Sauli - CHIPP Winter School 2010

102

l()”

®,, [cm™]

10

10"



RADIATION DAMAGE SOLID STATE 5 - 30/43

NA60 SILICON PIXELS VERTEX DETECTOR

S £ a0V s 190V
4.5 .5
10 1
0.5 0.5
of o
0.5 05
A A
150 15"
2_||||‘||\\|||||‘||\Ill\lllllll‘lll\l\lll‘ _2:|||||||lllllll‘I|J|||J|||||||||||l|\|||‘
2 45 4 05 0 05 1 15 2 2 45 4 05 0 05 1 15 2
x [em] x [cm]

J. M. Heuser et al, Nucl. Instr. and Meth. A560(2006)9
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IMPROVEMENTS AND RECOVERY

SOLID STATE 5 - 31/43

THERMAL ANNEALING OXYGENATION (RD438):
. ] standard FZ "
81 beneficial ] or © neutrons /A// 1400
By E 1 S 5E Z g:zltl;m R /Df/ oxygen rich FZ g
= o i CE) p e neutrons 4300 =3
o | n_V S 4t o/// = pions )
= 1—\.‘ reverse 1 — /9/ a protons .
= 4L g - — 3t 3 ) 1200 >
z —— 3 o’ = =
<] | Z 2} ,A?/ LT = =
2L - b Ay 1100
| | 1 . } /8 t"‘_j,;;;-:
0 AT BT BT B B M'/’;f" . . ,
1 10 100 1000 10000 0 0.5 1 1.5 2 2.5 3 35
annealing time at 60°C [min)] D, [10"em™]
800 . . . T T
{12
CZOCHRALSKI METHOD FOR SILICON » CZ<100>, TD killed
MANUFACTURE: ¢ MCZ <100>, Helsinki "
. » 600} o STEZ<111> - 110
Controlled oxygen impurities A DOFZ<I111> 720 1150°C

E. Fretwurst, RESMDD04 (Florence, Oct. 10-13, 2004)
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DIAMOND DETECTORS

ADVANTAGES OF DIAMOND AS DETECTOR:

e Intrinsic semiconductor

» Large band-gap (5.48 eV) --> low leakage current

* High drift velocity of carriers
* Radiation hard

SOLID STATE 5 - 32/43

RD42: MANUFACTURED BY CHEMICAL VAPOR DEPOSITION (CVD)

* Large sizes (cm?)

* Thick (~ mm) --> reasonable signal (8000 e-h for MIPS)

RADIATION TOLERANCE:
a Preliminary Summary of Proton Irradiation |
1
os | T 10" p cm™
0.7 |- g :
£ 06 + I
3 t |
2 05 |- ‘_
£ Em--m=F===a k- 45%
® 04 |- I .
gl |
0.3 :~ | & .-““'+ ‘
0.2 1
|
01 |- I
[ P T —— 1 - — el -
0 ] 10 15 20 25

Irradiation (x10"° prem?)

R. Wallny et al, Nucl. Instr. and Meth. A582(2007)824

ATLAS BEAM CONDITION MONITOR (BCM):

1 cm? pixels

to signal
line
N
~ | - “Xeeramic
1 ) =%
to HV = || ~— inserts
line ’;‘}_ 3
oy =
redundant =D
golden pad,
- ceramic

.. baseboard

A. Gorisek, Nucl. Instr. and Meth. In press (2009)
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RADIATION DAMAGE OF SEMICONDUCTORS SOLID STATE 5 - 33/43

3-D SILICON DETECTORS

C. Da Via et al, Nucl. Instr. and Meth. A509(2003)86
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SILICON DRIFT CHAMBER SOLID STATE 5 - 34/43

THIN SILICON WAFER WITH FIELD-SHAPING P-TYPE STRIPS

Depleted along drift direction -V-nAV -V-AV -V

223 28 22T V22 V228 WAL 2] W d

-Potential

interface
p-type strip

E. Gatti and P. Rehak, Nucl. Instrum. and Meth. 225 (1984) 608
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SOLID STATE 5 - 35/43

SILICON DRIFT CHAMBER
SILICON DRIFT CHAMBERS: SPACE-TIME CORRELATION
Very good space accuracy
Modest rate capability o
(electrons drift velocity 1~ cm/us) t
" 0.3 mm
Iinizingriﬂ of charged carriers in silicon Anode |
particle Drift < 40mm 0 k
| P .
POSITION ACCURACY 1
80 ? /
e e S S e ok ; ; . - ]
N S SN NN SN SN S S
2
=
£
= G. Lutz,
E Semiconductor Radiation Detectors (Springer 19910
o]
=

Drift distance (mm)
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ALICE SDD SOLID STATE 5 - 36/43
ALICE INNER TRACKING SYSTEM

SDD LADDER

- s
R,=43.6 em

260 modules in two layers

35 mm long, 256 anodes each g

R :

LV YRR TIOR R T,
-

[+ 3 -
H ] P Q= o [+ ]
LT - T - L S
H - TETTE
o0

é - -
“...is..ﬂ.u.'!..x?..ff;!-.;'

e Anode axis
_o Drift axis ...

LM

Resolution (pm)
g;

1i5 20 25 3 35
F. Antinori, Nucl. Instr. and Meth. A511 (2003)215 Drift distance (mm)

S. Kushpil et al, Nucl. Instr. and Meth. A566(2006)94
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SILICON MICROSTRIPS IN SPACE SOLID STATE 5 - 37/43
TRACKER FOR THE PAMELA SATELLITE-BORNE EXPERIMENT

acceptance
\ | / | SIGNAL/NOISEFOR X AND Y STRIPS
[§68s2) | -
—4 |
Bl I ant- 0.09 — X view
(;Tj:\:ﬂ <I> £ Qe I ?:Io:\i === Y view
|
|
|

\E: 008
007

z Y
%Eﬁ X 006

scintill. S4 :_
| [ o\ | I
detector ; 005 [—
SILICON TRACKER MODULE: ,* % I
< 004 — .
— 1
003 [— .
-
002 —
1
. SN
001 —A R, |
o & NN I AN I N s e s
] 20 40 60 80 100 120 140 160 180 200

SN

¥

9.

S. Ricciarini, Nucl. Instr. and Meth. A582(2007)892

A=l W __ N ___ N N

-
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SILICON DRIFT DETECTORS

ELECTRON MICROSCOPY WITH ELEMENT RECOGNITION

scanning
electron
microscope

magnetic
lense

scanning

X
X
magnets B

electron detector
for scattered and
secondary electrons

STANDARD

electron
source

SDD for
characteristic
X-rays

SOLID STATE 5 - 38/43

Measurements by RONTEC, Berlin
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SILICON DRIFT CHAMBER SOLID STATE 5 - 39/43

RADIAL DRIFT CHAMBER
HIGH RESOLUTION X-
RAY SPECTROSCOPY

integrated FET

Fe> X-RAY SPECTRUM AT -10 °C
Mn K-a and K-b lines (5.9 and 6. keV)

2500 L DL L LA N
i 55Fe ]
2000 |- _
back contact | i
LOW CAPACITANCE: 1500 |- _—
VERY LOW DETECTOR NOISE g [ 142 eV i
Canope (PF) DRIFT CHAMBER 8 B B FWHM ]
0oF C-V CHARACTERISTICS 1000 [~ * .
50 L _
20F . Vanope= OV 500 | -]
1of ) i i
i - : ]
I (O o o e L L L L
2f Vover =4V 5000 5500 6000 6500 7000
b orrosne ™) Energy [eV]
12 s 10 20 SO 100V
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52 mm @

SOIL ANALYSIS BY THE MARS ROVER
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EPIC pnCCDs on EPIC-NEWTON

TYCHO SUPERNOVA REMNANTS
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GAMMA RAY BURST AFTERGLOW OBSERVATION WITH XMM

GRB 031203 XMM—Newton observation

25000 sec

ESA, S. ¥aughan (University of Leicester)
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