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Criteria for Semiconductor Tracking Detectors

¢ Bandgap larger than Silicon
(Si: 1.12 eV)

¢ Bandgap smaller than Diamond
(C: 5.46 eV)

¢ Large Radiation Length ~ Silicon
(Siz 9.4 cm)

¢ High e/h-mobilities >Silicon
(Si: 1400/450 cm?/Vs)

¢ Low dielectric constant < Silicon
(Si: 11.7)

¢ Low trap concentration, monocrystalline
(S1: ~ 1deal)

¢ Large displ. energy for PKA >Silicon
(Si: 21 eV)

¢ Mechanical strength & heat conductance

¢ Commercial product, standard process

less cooling necessary

lower ioniz. energy — good S
stable wafer thickness

fast charge collection

low capacitance = low N
good charge collection

less rad. damage — stable S/N

by ¢ v 4§ 4 ¢ U U

good for process handling
stability as detector component

— large scale use, cost effective

[S = signal height for mip’s, N = noise]
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Mean energy for production of e-h pair (eV)

A closer look at the bandgap

Diamond

0 1 2 3

4 5

Band gap energy (eV)
Ionization energy vs. bandgap energy

(from Dubbs et al., IEEE 98)

6

band gap | w/ehpair |R.Length |eh-pairs/
eV [eV] Xo[em] [0.3%X,
Ge i_ 2.9 23 17 E3
Si .12 [3.6 B 50 |
InP 134 |43 2.1 8.9E3
GaAs |1.42 42 2.3 10 E3
CdZnTe|1.5-2.2 |5-7 ? ?
Sic 29 9.3 16 E3
C(diamond) |5.46 .i

0.3%X for Si =280 pm

However optimization needed since:

€ Low bandgap = low w but high current

# High bandgap = low current (SI!!) but small S
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Electrical Properties — Some examples

€ Eprealcdown | e Lh Vgaturation | 1 hermal conductivity
[V/em] [cm?/Vs] |[em?Vs] |[cm/s] [W/emK]
Si 11.9(3*10° 1350 480 8*10° 1.5
InP 12.5|5%10° 5400 200 3%10’
GaAs 13.1|4*10° 8500 400 8%10°  |0.45
SiC 9.7 [2*¥10° 900 2%107 '
C 5.7 [10%10" | iS00 2%10]

# Charge carrier mobilities depend on electric field and temperature, decreasing with increasing E and

decreasing T, values are given for T=293K and zero (low) field

® The charge collection time t. depends on te carrier type, the smaller p-value governs the minimum
achievable value. For low E t. = d*/(u*V), for high E look at details of transport properties
@ Charge collection efficiency governed by pt-product with t = lifetime of e resp h-carriers.

Main problems:

Crystalline imperfections (diamond), stoichiometry (abundance of one constituent in compounds)
[mpurities acting as deep traps (also intentionally for compensation), polarization effects at surface
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NIEL governed radiation damage
Comparison between Si and GaAs as example

monocrxgxkumal ideal,
'&W € Ao ,
ideal duage collechen
Das W ke cocled.
Si

Displacement
energy =21 eV

kinetic energy [MeV]

7&1 plons  measurement \\DQA‘—l;{u-[a le’

23 GeV proton

| &
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Displacement
Energy =10 eV

9:'-___
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Curves taken from M.Rogalla,
PhD thesis 1997

& The damage in GaAs at high proton
energies is £ x larger than in Si
A0 Razcon : auclear G~ Qamer
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Development of CdZnTe strip detectors - Example

(taken from O. Tousignant et al., University of Montreal and University of New Hampshire, Space Science Center)

cathodes
charge sens. |

Strip Pulse Height Ral. o Sum

1800 "\_' {; \ y
preamps | ‘Em g s’ SUACOU. ff,f’,-(.
x-y scan with (eV-5093) e g Co C‘b %J'I]’t"fﬂr"i };f,' g3
focused pulse = ‘
— ¢ - mt TauAmS
% 1000 ;.zﬁz?;‘ely\;\fmi pulser ‘E (A {f(
[+ 1] 4000
x-strips :é; wk i 16keV, = &~ /JL \%p(:t
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CVD Diamond as material for strip and pixel detectors
(example: CERN-RD42 Collaboration)

| Charge Distribution (Transparent Method) |
2-Strlp Cluster Signal in Diamond and Sllicon Strip Detectors ]

200
S1600F 5 g Diamond CDS-69 at 0.9 V/um
2 e plons, 100 GeV/c = h f
Stacok i _silicon, thickness 300 um gooo}- A
ﬁ'mo mean 138 S I —— 1 strip, mean 42
B B mﬂnﬁTsh' 114 éaoo'— -------- 2 strips, mean 58
= F LR 5 L
1000~ ‘H 4 : s B ~ 3 strips, mean 64
E Diamond, CDS-69 800
£00- thickness 520 pm - 4 slrips; maan €2
F bias fleld 0.9 V/um -
600~
E mean 72 il
400 most prob. 50 -
b : FWHM 57 200 :
200 : I |
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[ Irradiated Diamond Sensor, Residuals |

1800

) Diamond CDS-69 at 0.9 V/um D600

before irradiation

mean 57
most prob. 41
FWHM 54

after 1 E15 protons/cm’

mean 49

most prob. 35

FWHM 41

| Signal from Irradiated Diamond Tracker J
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Oxygen and Carbon
- the key ingredients -

4 ( Polovodice CZ )
10 8 — e = - = —

| ' /f_\o FZ/J ETIT M E)

afe

DOFZ

17 | 4
1o CMACOM Epitaxial)

g ] T CFZ Polovodice|
v |
ITME Epitaxial
10" | i ° - — Two growth rates |-

: : OFZ/Gas : e
l Polovodice |
® = e oae |
. i

Standard FZ |
‘ =
1015 L 1 L L | i

N

Oxygen Concentration - [0] (cm i

]

1015 1016 1017

Carbon concentration - [C] (cm'?')

¢ DOFZ - Diffusion oxygenated Float Zone
Controlled introduction of oxygen,

easily included in manufacturing process, low cost
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Oxygen diffusion

gl S - o i
5 M-—»W"mmm e WL |
L /
e:.rf\ :
K ; \ -~ 9d 1200°C
g ){""’-"&‘ l\,_u‘. e 12h IlOOOC
% 107 s
S T |
E .\ W‘},\
= S5 W*‘*‘“’wxwww.— !
o N,
':?“:’“4;,‘,:,_,
101° , S ! : R ' |
O - = 90 120 150
depth [um]

¢ DOFZ - Diffusion oxygenated Float Zone

Open question:
Diffusion time/oxygen concentration needed to get the beneficial effect?

For the moment:
16 h diffusion at 1150°C ([O] = 1.5x10"" cm™) seems to be sufficient
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Leakage Current — Annealing

10-1 2} ! LR IR L R 5] 4] | I B35, 41 FER TR,
+ n-type FZ - 7 to 25 KQcm Xj
¥ 8 n-type FZ - 7 KQem o T
== 10 F ® n-type FZ - 4 KQom ‘.)S'/ 3
a F 0 n-type FZ - 3 KQem !
15 [ = ptype EPI - 2 and 4 KQcm
= 107} f ]
—y i : ]
> 1041 3 7 n-type FZ - 780 Qem _
i n-type FZ - 410 Qem 3
: i n-type FZ - 130 Qem 1
< 10°L 4 ntypeFZ - 110 Qecm |
E e n-type CZ - 140 Qem
¢ p-type EPIL - 380 Qem ]
10'6 | PR S ey | . P | —
10]] 1012 1013 1014

@, [em™?]

1015

6107

410"]7 |

a(t)

2,10-1? =

[ — parameterisation for standard silicon

« oxygen enriched silicon [0] = 210" cm™

Yoo

Sl0T 5102 5100 5100 510°

annealing time at 60°C [minutes]

¢ Oxygenated and Standard Silicon show same annealing

¢ Damage parameter o :

Al
F=——
Vo,

independent of @,

used for fluence (NIEL) calibration !
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Nesr - effective doping concentration

%4 m positive — n-type silicon (e.g. Phosphorus doped - Donor)
dep | m negative — p-type silicon (e.g. Boron doped — Acceptor)
d2 = |Neff| proportional to depletion voltage and 1/(device thickness)?

’Neff oC

3
~ 5000F 10
g |
S 1000} 1
: 110
S 500F g
[ :
100

110!

N
-
1

| Nege| [ 10" em™ ]

o
SN
g1, gl \ 10°
o, SE _E
2 F n - type \f 'p - type” :
= i I ﬂ
Ve i b e e b Ly
10" 10 100 102 10°

1 2 -2 [Data from R. Wunstorf 92]
D, [ 1077 cm™ ]
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Negl [10™2 cm™]

Oxygen and standard silicon
- Particle dependence -

24 GeV/c protons - 192 MeV pions - reactor neutrons

= W

o

standard FZ ,//
o neutrons /?" 1400
. plons i _ : —_
~ protons -~ oxygen rich FZ - §_
e neutrons 4300 S
e m plons ] 427
// s protons
__,"’ . 1200 >
D./// & - ! §
';'?/ ; ’ 1100~
% 9-/6/ s = |
R |
35 1 15 2 25 3 B85
Deq [10Mem™]

¢ Strong improvement for pions and protons
¢ No improvement for neutrons
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Influence of Carbon and Oxygen concentration
24 GeV/c proton irradiation

1E+13
=0.0437
OE+12 o | Pa
’ +500 __
8E+12 7 e
—e— Standard (P51) =
7E+12 |- —®—O-diffusion 24 hours (P52) 1 400 §
= —e— O-diffusion 48 hours (P54) Bst = 0.0154 k>
E 6E+12 11y O-diffusion 72 hours (P56) i %
= SE+12 {| —f—Carbon-enriched (P503) DL + 300 5
z‘“ ’ *" g
T 4B+I2 —4d - =
: AT +200 &
3E+12 = P Bio) = 0.0044 +0.0053— 5
r -
r 4 £ - =
2E+12 , “’_ - - .: = _' 1 100 ;1
- A I D) el
1E+12 m- ;s
i'
0 ! 0
0 1E+14 2E+14 3E+14 4E+14 SE+14

Proton fluence (24 GeV/c) [cm'z]

Compared to standard silicon:

¢ High Carbon = less radiation hard
¢ High Oxygen = radiation harder
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Influence of initial resistivity
on oxygen rich material

24 GeVIc proton irradiation Reactor neutron irradiation
8 5 — —
L 24 GeV/c proton irradiation 1200 Neutron irradiation 4300
6K Coe Wark T 41 —e 1.8 KQem Wacker [ ‘| 1
| ] cm Wacker == . di o = 1 —
& 6 - 2.2 KQcm Wacker 400 g I " g? Exﬁ ]E\;r;iz;grlce S _:250 E_
E + 1.0 KQem Wacker 3 LE) 3l o 42 KQem Topsil 1200 2
o 1300 & & ] <
o ] S 1
— ] = Tt 4150 &7
C— ] > A | a
= 2005 =2 ‘ §
zZ 1 _j’ Z b 100 .»
1100 50
6 7 0 =y

D¢, [10'em™]

¢ Measured after annealing equivalent to 10 days at room temperature

¢ Low resistivity material beneficial for neutron irradiation
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Annealing behavior: Nes
- Hamburg Model -

ANeﬁ"((Deq’r):Neﬁ"O_

eff ((Deq’ t)

Change of Ng with respect to Negro
(value before irradiation) :

0 I S T Wt ey |

1 10 100

“1000

P T
10000

annealing time at 60°C [min]

eq?®

N, (@,.1)= N, (@,

eq?

)+ Ne(@,)+ N, (@,.1)

eq?

short term annealing:

Na - @eq X Zga:‘ X exp(_ %)

first order decay of acceptors
introduced proportional to Deq
during irradiation

stable damage:

Ne=Ngo -(1 = exp(— C: @eq)) + 8¢
incomplete ,,donor removal®

@

£q

+ introduction of stable acceptors

long term reverse annealing:

Syl
1+t/'ry

Ny =Ny, | 1-

second order parameterization
(with N, ,=g,x®D.q).gives best fit

But:

T, independent of @,
= underlying defect reaction
based on first order process!
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Systematic analysis of annealing data

Example: oxygen enriched silicon after neutron irradiation

SINTEF S05B-diodes, TRIGA/04/99, annealing at 60 6
2'1013 _ 21 013
neutron irradiation, TRIGA reactor Ljubljana
DOFZ Sintef process, 72h/1150 °C

83el4 nfem?®

reverse annealing

1.83el4 n/cm®

beneficial annealing

1013

9.50e13 n/cm®

3.52e13 n/cm?

P e e A T
0 i o ) | o L e ey \ PES T A i ,l\_lll_._g)
10° 5 10 5 10° 5 10° 5 10° 5 10

annealing time at 60°C [minutes]
SO5B-ANNEAL-P | 19.3.2000
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Systematic analysis of annealing data

Example: oxygen enriched silicon after proton irradiation

20:10=

1,510

1.0:10P

AN ¢ [1/em’]

5.010'2

0.0

24 GeV/c proton irradiation

= 10.310" p/em® v 1.2:10" p/cm®
-4 6.210% p/em® & 5.910" p/em?

o 4.2.10" p/cm? 2.910"* p/cm?
e 3.410% p/em® W 1.610" p/em?
o 2.0'10™ p/em?

.o

—2.010"

1.510"3

H{1.010"

5.010"

510" 50 5 10° 5 10°
annealing time at 60°C [min]
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Extraction of damage parameters

510" 108
17, = 20.6 +/-0.9 min (60°C) N = (2.28 +/-0.04)*1e12/cm’
= -3
) =1.38%102 cm™! 12| Neo=9.9%11 cm
41012 fa 1o g 810 ¢ = 7.79-14 cm?
go=2.00e-2 cm’!
731012 | f'TEﬂ 6102  Neo/Negp = 0.44
Q
s =
22102} ! 94101
3 12
1012} e annealing at 60 °C 210 e annealing at 60 °C
» annealing at 80 °C 4 annealing at 80 °C
3 0
{}0 ]6[4 = 2,1|014 ] 3v1I014 4.10]4 0 10i4 2'1014 5 3‘1014
@, [n/cm’] D, [n/em?]
20102
| gy =4.7%10% om’!
: . Ty = (1.88 +/- 0.47)*1e3 min
neutron irradiated 15103 |
O-rich diodes —
I__LELI.O‘]D” .
Sy
Extracted parameters z
independent of S IgE
annealing temperature | e annealing at 60°C
- - 4 annealing at 80 °C
(60°C, 80°C) - _
"0 1%  210% 310" 410"
@, [n/om’]

Gunnar Lindstrém, Universitit Hamburg + CERN-RD48, PIXEL 2000, Genoa 05-09 June 200



Extraction of damage parameters

1.2} 24 GeV/c proton irradiation A 25
/ ! | standard FZ |
1t . 2L R /
g 08} g,=1.93 10%cm™ i o ‘_‘.i
'.30 ’ g LS = |
E 065 e ] 22 = !
z “ s =2 = D 2 B * |
o 5 o 8 | “ ;' *  oxygenated FZ
oxygenated FZ 5L / 1
02 % ) g:=5.6110%m" | % /-'
0?‘ 1 [ / 24 GeV/c proton irradiation |
N D NI B
q)eq [1014 Cm‘z] q)cq [1014 CTI'I-Z]
1.0L 24 GeV/c proton irradiation 1_°
proton irradiated | normalised reverse annealing o« |
O-rich diodes 0.8 b
! standard FZ
2 0.6 Ty = 50 min :
g. improved by a factor of 3 2 i .
~ 04L oxygenated FZ
saturation of reverse annealing . v " Ty =220 min
02} .
delayed reverse annealing N i PP

vl gl I IR S U W T L P S (TR
1Y 5 107 5 107 5 10° 5 10°
annealing time at 80°C [min]
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Suppression of Reverse Annealing in O-enriched Si-strip detectors
An important result from MPI Munich confirming the ROSE predictions

CiS-detectors, 2-5 kQcm, irrad. by 3e14 p/cm? at ~10°C, 100V bias
(data from L. Andricek and G. Lutz, MPI Munich)

51012 3107
R -
41012 LT i

-
& = 3 %
standard / {2102 ¢!
890V I
¢

oxygenated, 24h@1150°C

solid lines drawn to guide the eye

=
depletion voltage for d

L l . L 1 1 { | 0
0 10! 210 3102 410! 510!
annealing time at 25°C [days]
MPI-DATA | 1.6.2000
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Comparison: C¢/V and CCE/V

CCE measurement:

TCT - 830nm,
front illumination

tann = 8 min at 80°C
Viep (CIV) =56 V
Vaeo(CCE/V) =55 V

t.on = 960 min at 80°C

Vaep (C/V) =260V
Vies(CCE/V) =258 V

- proton irradiated oxygenated silicon -

ey
T 7T \I'

CCE (arb. units)

=
[

L | T T T
| Wacker <100>, oxygenated s t,,,= 8 min

1.6510"* p/em?; T,,,=80°C s ton= 960 min

10

100
bias voltage [ V |

¢ Vgep: Coincidence between CV and CCE

¢ However: CCE(V) depends on both: V4., and trapping !
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current [arb. units]

CCE/V measurements

- proton irradiated oxygenated silicon -
- TCT with 835nm laser (front illumination) -

8 min at 80°C 960 min at 80°C
: g 1 ' - 60 ————— .
40} 125V ¢ (R | 400 V
[ \Vd ®,=1.65 10'* cm™? | 2 50¢ ®,=1.65 10 cm? |
30t 80°C/ 8 min 5 40 _- 80°C / 960 min
2(); 'c% 30
: <= 20l
10} s |
)| CA—— = 0 e
0 10 20 30 40 50 60 0 10 20 30 40 50 60
time [ ns | time [ ns |

¢ Double junction clearly visible after 8 min at 80°C
¢ After 960 min at 80°C "clear" type inversion
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ANes from CCE-V (TCT) and Cs-V measurements

- proton irradiated oxygenated silicon -
1013

—— N¢=2.75e12 cm™, Ny=6.93e12 cm™
[ N¢=2.28e12 cm™, Ny=4.44¢12 cm®
8102 | — Nc=195e12 cm>, Ny=237¢12 cm™
— Ne=125¢12 cm™, Ny=1.65¢12 cm™

3.9110" p/em?®

1.6510" p/em*’

8.4910"3 p/cm?

A
4.0310" p/em? -

L T L (2B T/ A T L
annealing time at 80°C [min]

¢ Open symbols: CCE-V values
¢ Filled symbols: Cs-V

¢ ANes (resp. Vgep): Coincidence between C,-V and CCE (TCT)
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2000+

fa—
n
o
=

Viep (200um) [V]

500

Damage Parameters for standard and oxygen-enriched silicon

Standard Silicon Oxygen-enriched Silicon
Neutrons Protons Neutrons Protons
ga 1.8x10% cm™ - 1.4x10% cm™ -
1.(20°C) 35h - 70 h -
gc 1.5x10%cm™ | 1.9x10%cem™ | 2.0x10”cm™ 5.3x10” cm™
Neco/Netro 0.70 - 0.45 1.0
gy 52x107cm™ | 6.6x10%cm™ | 4.8x10%cm™ | 2.3x102cm™” ¥
v(20°C) 480 d - 800 d 950 d

) saturation value measured for ®,= 6 10'‘cm™

— Simulation of LHC scenarios;

Example: ATLAS Pixel layers

—

==

(=]

(=]
T

time [years]
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st
B-Layer (4cm) 1 Layer (10cm)
T T T T T T T 1000 T T T T T T T 1000
120 3 ’
t ] 800 1800
F standard silicon 1 E standard silicon ]
- 115 e ]
[ i ‘e 600 , e 600
] 3 operation voltage: 600V 1
3 ]
b 11 © e 1
Ly 1102 400} 400
- 2 b E—
operation voltage: 600V | A= = By
i i, AT 50 200} At N5 1200
4 i i Sy /manan e o ili ]
At T bed oxygenated silicon ; . ,"t: = oxygenated silicon
.d::.:.'::::r‘" 7”’i‘ I I 1 i | I 1 {:‘('- —r— I i | I i 1 | 1 ]
1 2 3 4 ] 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
| ATLASPINEL | 422000 Frelimiary

time [years]




Damage Projection — ATLAS Pixel Detector — B-Layer

¢ Radiation level for B-Layer : = Deq(year) = 3.5 x 10" cm™ (full luminosity)
> 85% charged hadrons
¢ Three scenarios : « 1year= 100 days beam (-7°C)

(1) 3 days 20°C and 14 days 17°C
(2) 30days 20°C
(3) 60days 20°C

Rest of the year: no beam (-7°C)

‘ ' ' ' e, 7 s
2000} = 12000
standard silicon ’ . y

SN |
= 1500 41500

E " |
Q 1000 T - 41000
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The ROSE collaboration

35 member groups from HEP and Semiconductor Physics
+ associated major manufacturing companies

Visit our web-site for...

... more information
... Status reports
.....references,
.... preprints, etc....

http://cern.ch/rd48

or/and

Michael Moll (CERN—EP—M]C—SD) + Michael.Moll@cern.ch
Gunnar Lindstrom (Ul’liVCl‘Sity of Hamburg): Gunnar.Lindstroem@desy.de
Steve Watts (Brunel University): Stephen Watts@brunel.ac.uk
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