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The main challenges for the tracker at the HL-LHC will be:
* Higher radiation dose (up to a fluence of @, = 10'® cm™)
* Higher occupancy

* Level 1 trigger capability

The current tracker would not withstand the radiation and also develop occupancy problems

— Find best suitable silicon material a future tracking detector

To achieve that we investigate a large variety of materials:

» Different bulk doping (n and p)

» Different fabrication procedures
» Different oxygen content

» Different Thicknesses

Test sensor geometries and layouts

Irradiations with neutrons or/and protons to simulate HL-LHC radiation dose
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o Wafer overview
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o Silicon material
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material thinning active thickness wafer oxygen concentration
method [um] thickness [um] [10'7 cm™3]

FZ deep diffusion 120,200,300 320 53,1

FZ 200 200

FZ handling wafer 120 320

MCz 200 200 4

Epi 50,100 320 1,1

Of each material there are 3 different types:
- n-type (N)
Two different strip isolation
technologies for p-bulk:
- p-type with p-stop (P)
- p-type with p-spray (YY)

aluminum

aluminum
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o Irradations
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radius protons @, [cm?] neutrons @, [cm?] total D, [cm™?] active thickness

40 cm 3-10% 4-10%14 7 - 1014 > 200 um

20cm 1-10%° 5-10% 1.5-10% > 200 um

15 cm 1.5-10% 61014 2.1-10% > 200 um

10 cm 3-100 7 - 1014 3.7 -10%° <200 pm

5cm 1.3 -10% 1-10%° 1.4 -10% <200 pum
Neutrons: 1 MeV (TRIGA Reactor Ljubljana) HL-LHC: L;,=3000 o

T T T T T T T T T T T T T T
1E17 | - - | ‘ - - .

Protons: 23 MeV (Karlsruhe cyclotron) :
23 GeV (CERN PS)

—>see talk of Coralie Neubuser
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i n p-M/G eV
®  N-Type Neutron Proton W Fz200pm
&  P-Type irradiated irradiated B FZ320 um

B MCz200 um
Expectation
from M. Moll
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N _ n p-M/G eV
N-Type Neutron Proton W Fz200pm
&  P-Type irradiated irradiated B FZ320 pum
B MCz 200 um
Expectation
0,08 - —
’ :) Egggg from M. Moll
m FZ320N P-MeV
— 006d| © FzZ320P Al
i m MCZ200N v = @Peq
(&) & MCZ200P
i expected _17
= 0,04_ a = 5,0i0,6' 10 A/Cm
o Apon = 5,3-107Y7A/cm
3
o
£ 0,02- " p-MeV volume current scales with fluence
§ as expected, independent of

silicon material (oxygen content).
- NIEL scaling works.

0 2x10"  4x10™  6x10™  8x10™ 1x10™

D [Cm-2] currents are measured after annealing of 10
€q 3. Erfle, UHH min@ 60°C at 0°C and scaled to 20°C, guard
ring grounded
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T Current annealing of irradiated samples
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23 MeV protons, ¢, = 2.9 - 10™* cm™2

m FZ200N
& FZ200P
0,02 1 ® FZ320N
& FZ320P
® MCZ200N
& & MCZ200P
E expected
(@]
i 14 -2
= 1 MeV neutrons, ¢.; =4 - 10°* cm
2 0,014 m FZ200N
3 ® 0,03 & FZ200P
o ’ m FZ320N
GE) & FZ320P
T m MCZ200N
I3 _ & & MCZ200P
g = mE = —— expected
i § 0,021
- oo0bpb-0uro— <
0 100 200 300 400 g
annealing time at 60°C [min] 3
o 0,014
E
3
o
>
) . 0,00 ; r . : : : . : i |
Current anneallng matches expectatlon. 0 20 40 60 80 100

annealing time at 60°C [min]  ; 40y

currents are measured at 0°C and scaled to 20°C, guard ring grounded
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o N versus fluence
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2660 ‘/dep
1 MeV neutrons m FZ200N |Negs| = P
& FZ200P
50x10”-{ ® B FZ320N
= & FZ320P
n ® MCZ200N
0.0 - & MCZ200P
n
-5,0x10"% $ _
— © - - All n-type materials
g 1.0x10" - 2 are type mverteq
= - All p-type materials
% 1.5x10" - 8 are not type inverted
S -2,0x10"-
E Space charge sign determined
25x10" 1 via annealing and TCT.
| ! | ! | ! I ' 1 ! | ' |
0 2x10"  4x10™  6x10™  8x10™  1x10"®  1x10
-2 it d aft ling of 10
Deq [om™] min® 60°C at 0°C, 1Kz, guard ring grounded
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N — %deep
23 MeV protons m FZ200N Nessl = =0
& FZ200P
50x10?4 ® B FZ320N
= & FZ320P
00 p-MeV ®m MCZ200N
’ 2 p-MeVv & MCZ200P
$ &
-5,0x10" 4 _
— _ $ 0 - All n-type materials
g 1.0x10" - % p-MeV Zr”e t{pe mvertteq |
O, - -type materials
= N P-YPE &
% 15x10™ 4 are not type inverted
S -2,0x10"-
E Space charge sign determined
-2.5x10" - via annealing and TCT.
| ! | ! | ! I ! | ! ] ! |
0 2x10"™  4x10™  6x10™  8x10"™ 1x10"®  1x10™®
-2 . .
Dy [cm™] W@ 60°C ot 0°C, 2K¢12, quard ring grounded
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o N versus fluence
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23 MeV and 23 GeV protons B FZ200N N, | = Qﬁﬁ‘ggp
p-GeV ©® FZ200P B
5,0x10?4 H m FZ320N
= & FZ320P
p-MeV m MCZ200N
0.0 - & MCZ200P
E P
-5,0x10" 4 @ $
@ -
g oot ® p-MeV All p-type materials
= - N P-YPE &
% 15x10™ 4 are not type inverted
S -2,0x10"-
E Space charge sign determined
2 5x10" via annealing and TCT.
| ! | ! | ! I ! | ! ] ! |
0 2x10"™  4x10™  6x10™  8x10"™ 1x10"®  1x10™®
-2 . .
D [cm™] @ G0°C at 0°C, Tk, guard rng rounded
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- N+ annealing of irradiated samples
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23 MeV protons, ¢eq = 2.9 - 1014 cm~2 |4~ F200N P-type
] —m—FZ320N
12 —&—FZ320P
8x10" - —m— MCZ200N N-type
%—i-——ﬁ —&— MCZ200P
1 e /@ _
61074 X —s acceptor removal (short term annealing)
5 ' %\H 1MeV neutrons, ¢, = 4 + 10™ cm™2
= 4x10"4 $\% —m—FZ200N
= —&—FZ200P
< 1 % h / —m—FZ320N
: 2x10"%- \@i:é\% 1.6x1071 e Niczzoon
5 o | —&— MCZ200P
§ 0 T T T T T T T T T T T T T —_— \ \$&T
0 50 100 150 200 250 300 G TOX10%- i-ﬁ%\ =
annealing time at 60°C [min] %t \é
ZEIJ
< 5,0x10"-
Annealing curves of N of all
samples irradiated with neutrons or oobp
23 MeV protons show p-type 0 %0 100 150 200250 300
behaviour annealing time at 60°C [min]  ; a0 py

capacitances are measured after annealing of 10
min@ 60°C at 0°C, 1kHz, guard ring grounded
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T Annealing after 23GeV proton irradiation
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23 GeV Protons, ¢, = 3.1 - 10'* cm™*

annealingtime at 60°C [min]

—m— FZ200N
0 43 86 129 172 215 258
i ot P & FZ200P
% —&— MCZ200P
6x10'% -
) %‘ % * P-type materials not type inverted
© 5x10™ 1 %‘*’% * FZ N-type not clear.
o i
E %
Z  4x10"-

P-type annealing

3x10% - §ﬁm unclear annealing behaviour

0 5 10 15 20 25 30 35 40
annealing time at 80°C [min]
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T Annealing after 23GeV proton irradiation
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23 GeV Protons, ¢, = 3.1 - 10'* cm™*

annealingtime at 60°C [min]

0 43 86 129 172 215 258 FZ200N

7X1012 T T T T T T T T T T T T _0_ FZ200P
—a— MCZ200N
1 —&— MCZ200P

6x10"

* P-type materials not type inverted
* FZ N-type not clear.
« MCZ N-type type inverted

& 5x10"

N_. [cm’

4x10" 4

- Very different from 23MeV protons

3x10” - Mxﬁﬂ unclear annealing behaviour

0 5 10 15 20 25 30 35 40
annealing time at 80°C [min]
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U_ _— Charge Collection Efficiency
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Charge Collection Efficiency at 600V

|| —=— FZ200N
—&— FZ200P
064 = Fz320N
{| —o—Fz320P
—&— MCZ200P

Not fully de

0 2x10™  4x10™  6x10™

-2
Dy [em™]

8x10™

1x10"

Charge Collection Efficiency
at 100V over depletion

CE

O ;7=
|| —=—Fz200N
—&— FZ200P
061 = Fz320N
{| —o—Fz320P
0,5 —= MCcz200N

—&— MCZ200P

I

Not fully depleted

0 2x10"™  4x10™ 6x10™ 8x10™ 1x10™

2
Deq [em™]

—> Thick material is not beneficial anymore: High depletion voltage and more effected by trapping

- MCz seems promising

. Irradiation study on diodes of different silicon
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* Diodes have been studied to find radiation hard material. So far, performed
irradiation studies corresponding to HL-LHC fluences expected at the CMS
tracker at radii of 40 and 20 cm.

* Diode currents increase as a function of fluence as expected
* Depletion voltage and TCT show:
* type inversion for all n-type materials
* no type inversion for p-type, with steep increase
- Not expected = Also irradiations at the PS with 23GeV protons
* CCE reduced to ~70-90% after 1E15 23MeV proton irradiation

More irradiations to come: Higher fluences, different energies!

Trying to understand material properties in detail

Full annealing studies to be done
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oxygen content
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material bulk resistivity oxide concentration

FZ200P 3-8 3,00E+017

FZ320N 1.2-2.4 1,80E+016

FZ120P 1.2-2.4 5,00E+017

MCZ200N >0.5 3,00E+017
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300V

measurements are performed at

0°C,

using a red laser
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not type inverted
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