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* A correct description of charge losses in the Si bulk is essential in order to simulate
the detector performance at the HL-LHC, especially in the inner detector layers.

e So far trapping in CMS tools is based on effective trapping rates according to G.

Kramberger: 1 1 _ _
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1. Use red laser TCT measurements (672 nm)

= Study electron and hole drift separately

2. Simulate red laser TCT measurements assuming

- Electric field based on 2 effective defects™ (Donor: E, + 0.48 eV, Acceptor: E.— 0.525 eV)
Different E-field distributions are tested

- Drift velocity independent of irradiation dose

- Effective trapping rate independent of position (-> only two free parameters: 1, 1)

3. Fit the CCE at a given voltage ( V=600V ) using 1 free fit paramater:
T, (for front illumination) or t, (for rear illum.)

Curve for simplified
assumiptions

4. Perform cross-checks:
a) Compare measured and simulated TCT signals [(t)
b) Predict the CCE for measurements using infrared laser light

>
T

awi uonosjoox | +
a1 UOND8|I0d X

*EVL model: NIM A 476 (2002) 556-564.
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red laser light pulse:

light pulse

* 672nm, 3.5 um penetration depth
* FWHM 40 ps

 generates N =~ 1 million e-h pairs

induced t (pad ): I = E di 2% i =uw(E)E
: : — — _’ — NS — "
Inaucead current (pad sensor | | p " " Vir Hn
free carriers i

Q= jldt CCE = Qirradiated . Q

Qnon—irradiated QO

0.5 ¢

= AA
— 04 + A
= E A A
5, 0.3 _§ AAAA
readout: < 02t 4 ‘A
£ 01 £
. . : . =,
digital oscilloscope (bandwidth 1 GHz, 512 averages) 3 0 e A a4l
* 10 x Phillips current amplifier -0.1 + S I L
* diode capacitance of ~2 pF for the used diodes with d=200 um 0 _ 2 4
time [ns]
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Transient current technique (TCT)
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iti
DER FORSCHUNG 1 DU LEHE | DR BLDUNG —> CCE for different fluences (23 GeV protons)
Qirradiated Q
CCE = 400V _ , = Q_
non—irradiated
m [ I | I I I ‘ I I I | I I ‘ I I I
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1Mgﬂﬂmﬂﬂ+%+H{H+§gﬁfmigﬂ R o0
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B 1 it i
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0.4, & ﬁ?ﬁ? @ﬁ%‘}‘}ﬁ [10™ ngg/em g@@@@@@?ﬁ = comparable with earlier studies
[ ittt gt 130 T
T et e |
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Study in detail: 10 and 15-10'* neg/cm? at 600 V (simulate I(t) in PixelAV)
CCE => trapping rate (for electrons), assuming E(x), v4(E)
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Fit by Morris Swartz et al. using TCAD and self-written ,,PixelAV“ simulation program
and grazing angle measurements ( arXiv:physics/0605215 ):
For 285 um thick pixel sensors (125 um x 125 um, DO-FZ, n-in-n, p-spray)

Tuned: Np, Ny, 62, P, 2, o

. . @ 80 —Kramb. (beta=5.6)
Private communic. S 70 _
arXiv:physics/0605215 M. Swartz g 60 B MS - PixelAV
| = 50 !

® [10" neqem™2] 0.5 [2.0(59] 12 £ 40 " (m)
Na[10" em™] |19(68] 16 | 30. || §u30 ‘
Np [10™ em™] |25 10|40 | 69. defects to 8 20 :
ol P (1071 ¢m?]]6.60(6.60(6.60| 3.8/0.94 | — describe E-field & 10
ot [107% em?]  |1.65[1.65[1.65] 3.8 = 0 oy
o (107 em?]  16.60]6.60]{1.65] 0.94 |_ 0 20
[. [1072 ns 2] 2.7196]28.| 41 trapping rates Fluence [10"* cm2 neq]
In [107%2ns™?]  |[3.6|13.[38. | 55. } used in Pixel AV
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Fit in TCAD by Robert Eber (KIT) using current, capacitance and red laser TCT meas.
after 23 MeV proton irradiation, 300 um thick, dd-FZ p-on-n pad sensors

IV, CV & TCT
tuned: Np, Ny, 62, oP, of, o — 80 —Kramb. (beta=5.6)
* S 70 m MS - PixelAV
® e B R. Eber fit
- ® = 60 /
® Donor ~ 27 A
D 4 50 .
Np = 5.6 pog — 4 - 1014 SI& % 40 " ()
D — Y- (I)eq z g D o ‘
ol =oP=10""*cm? 2D r;li'l 230 .
c o
m Acceptor 3 § 3 o ?8
Njy=12deq+065-10"* | 580 =0 ,
O'eA= 0_;14= 10_14cm2 N g 0 20
7] Fluence [10'* cm2 neq]

50% initial donor removal

(fluence range: 10'* to 10*° neq/cm?)

Next step: Determine the effective trapping
rates directly from measured charge losses
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E(x) — Simulation of TCT measurements

Studies by Morris Swartz (MS12) and by Robert Eber (RE10)

both: tune two eff. defects -> different E-fields! ... different proton energies used

8.00E+04

7.00E+04
__6.00E+04
§ 5.00E+04

2
5 4.00E+04

& 3.00E+04 &
2.00E+04 -+
1.00E+04

w

0.00E+00

E-field at 600 V

10-10"% neq/cm? of
23 MeV protons (RE10)

12-10"* neqg/cm? of
23 GeV protons (MS12)

100
X [um]

150

-
200

Modified PixelAV:

time-resolved signals

linear weighting potential

drift velocity for <100> Si
(independent of dose)

40 000 eh pairs are generated
at the front (3.5 um penetration):

vary the trapping time 1, (t,,) to
describe the CCE (assume 1.,
independent of position)
determine 7, for both E-fields
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RE10 (23 MeV protons, 10" n,/cm?) MS12 (23 GeV protons 1.2-10'5 n,/cm?)
5 —-8-RE10, no trapping — 5 - -=MS12, no trapping
—--RE10, 5e14: 3.42 ns —--MS12, 5e14, tau_e=3.42 ns
4 O RE10, 1e15: 1.71 ns — 4

O MS12, 1e15, tau e=1.71 ns

g < b

= PR

0 g 2 .75

5! 3 1 .58

- g

Q o

3] 0

35 35

< £ 0 1 2 3
Time [ns] Time [ns]

CCE measured = 0.74 (after 23 GeV proton irradiation to 1e15)
—> adjust trapping time

E-field [V/cm]

4=
=
///////////////////LL\

MS12
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RE10 (23 MeV protons)

_ MS12 (23 GeV protons)

5 — -8-RE10, no trapping — S -8-MS12, no trapping

—--RE10, 4.5e14: 3.80ns : —--MS12, 5.2e14, tau_e=3.29 ns

4 H O RE10, 1€15:1.71 ns — 4 1 o MS12, 1e15, tau_e=1.71 ns
< < & e
= RIS i
5 52 gy 0.74
5! 3 1 = 0.58
L o] ©
QO Q
o 0
3 5
2 = 0 1 2 3

Time [ns] Time [ns]

CCE measured = 0.74 (after 23 GeV proton irradiation to 1e15)
for 10-10'* neq/cm? :

= 1=3.3ns+0.4ns - if we assume the field MS12 (23 GeV protons)
= 1=3.8ns+0.4ns . if we assume the field RE10 (23 MeV protons)

E-field [V/cm]
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SEEEEE—————— e
Convolute simulated signal 0.6 data: 10-10™ neg/cm?
with response of our TCT setup —— x A data, 1e15, 23GeV protons
— 0.5 ¢ —RE10, CCE=.74 (3.8 ns)

to a delta function

—MS12, CCE=.74 (3.3 ns)

.

D
|
T T

0.02

o
w
|

response [a.u.]

23 MeV protons

0.015

0.01

normalised current 1/Q, [1/ns
o
N

0.1 A
0.005
0 . 600 V
-0.005 -0.1 I : T P hal
| | | | | 0 1 2 3 4 5
’ ‘1”I‘2HH3‘“‘4‘”ti‘rn5e[lns] time [ns]

Measured TCT signal very compatible with the E-field according to M. Swartz (MS12)
for 10-10** neq/cm?:

— 1=3.3ns*0.4ns . if we assume the field MS12 (23 GeV protons) v
= 1=3.8ns+0.4 ns . if we assume the field RE10 (23 MeV protons)
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Time-resolved current signals — simulated and
measured

Convolute simulated signal
with response of our TCT setup ——
to a delta function

0.02

0.015

response [a.u.]

0.01

0.005

-0.005

1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1
5
time [ns]

o
-—
N
w
IS

—

normalised current 1/Q, [1/ns

0.6 4+
05 +

© o o o
= N W

~data: 15-10"* neq/cm?
—RE10-CCE=0.62 (2.4 ns)
—MS12-CCE=0.66 (2.4 ns)

A data, 15e14, 23 MeV
A data, 15e14, 23 GeV

23 MeV protons

/
23 GeV protons

time [ns]

Measured TCT signal very compatible with the correct E-fields used

for 15-10** neq/cm?:

= 1=2.4ns+03ns .  (for23 GeV protons, using E-field MS12)
= 1=24ns+03ns; / (for 23 MeV protons, using E-field MS10)
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After 23 GeV protons:

Oneq [neq/cm?] 1/7e [1/100 ns]
3-10M 14.5 £3.5(ccr) £0.5(F-fiela)
1-10t° 30 +4dcor)  E3(E-field)
1.5-101° 42 xd(cor)  E3(EB-field)
3-10'° 55 +6(ccr)  EO6(E field)

electrons

w 60 +
[ r
Q C
S 50 T ‘
g 401 (')+ —Kramb. (8=5.6)
@© C
é; 30 T ] 'g‘ B Swartz, cc-sim.
% 20 " O R.Eber, cc-sim.
= 10+ ® this study
i

0 F———f———

0 10 20 30

fluence [10'* cm™ neq]
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After 23 GeV protons:

Preq [neq/cm?] 1/7e [1/100 ns] 1/7, [1/100 ns] g 0 - s data 1.5e15 holes
31014 14.5435ccp) £0.5E hela) 85 +2.5cop) F05Efela) = 0.3 +
1-10° 30 xdccr) E3(Efierd) 38 Edccr) T4(E-fiela) g C
1.5-10" 42 :l:4(CCE) +3(E-field) 49 +5(ccE)  E3(E-field) 0.1 +
3-10%° 55 *+6(cop) EO6(m ey 98 £10(cor) £12(8 field)

©
-_—
O T

electrons

T 60 £ , + | £ 100 £ +

o C o r

S 50 £ S go 4

2 40+ (m) + —Kramb. (8=56) || 2 ¢ )

© . . Q -

> 30 T u 'g m Swartz, cc-sim. || £ - -

< - = 40 ¢ m

g 20 ¢ O R.Eber, cc-sim.|| 2 -

8 10 | < 20 ¢

_ T ® this study ;.

L O ) ) ) ) | | | | ) | ) ) ) ) | ) O L
0 10 20 30 0 10 20 30

fluence [10'* cm neq] fluence [10"* cm neq]
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Check on infrared TCT measurements

FZ 200 pm after proton irrad. (23 GeV) 1063 nm (P |IIum) 20 C
\

8 - | fluence [10 neqlcm2] n
© 1.2 0 +«10 30 ]
- =3 +15 =130 7
Al R A A —
- | ?S ﬁﬁﬁﬁﬁfﬁ %++i§ﬂi+éi+m£m§§ Ko it
C * T R
08 ﬁ s e ) Mﬁmmmmﬁﬁﬁm sttt
SR it st
0.6 4 +{' #m {WH at (F}:}ﬁ%‘}ﬁ‘}‘}%% B
S PR 5 .
L It ¥ $
0-4% & g #ﬁ c}ﬁ%ﬁ{} Eb@@@:}@@@ﬁl%@%@@ ii
- ¢ Y?i it e -
0.2 ;;i%ﬁ# @@@@@@@;@@@@@@@@@@@@wﬁ ~
gilé“; et AR ] Kramberger
eyt N R R T N I R [ R \ thIS Stud |
00 200 400 600 800 1000 y extrapolated
voltage [V]
At 600 V: bneq Meq/cm?] | CCE simulated A || CCE measured || CCE simulated B
3.10H4 0.92 4+ 0.03 0.93 +0.03 0.85 £+ 0.02
1.1015 0.76 £+ 0.03 0.85 +0.03 0.60 £+ 0.03
1.5-10'9 0.70 +0.03 0.75 + 0.03 0.50 + 0.03
3.101° 0.51 +0.03 0.60 + 0.03 0.27 £+ 0.02

o o Thomas Poehlsen 15



ilj‘j Universitat Hamburg Summary

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Electron and hole drift (front- and rear-side illumination) described using simulations.
* E(x) depends on the proton energy used for irradiation (23 GeV # 23 MeV)

Effective trapping rates have been determined for fluences relevant at the HL-LHC,
(up to ~3:10%5 neq/cm? ) assuming uniform trapping rates.
At 600 V the results have little dependence on the E(x) assumptions.

For charge carriers generated along the sensor depth using IR light:
—> CCE predictions low, but improved by a factor of ~¥3 compared to extrapolations

Comment: Higher CCE than expected also seen in 150 um thick Epi sensors.
After neutron irrad: see my talk, 20t RD50, after proton irrad: see DESY-THESIS-2009-022 (J6rn Lange)

Outlook:
Shall there be another study on trapping at high fluences?

Studies might be extended to

* MCz and p-type Silicon (so far FZ silicon with n-bulk only)

* mixed irradiation (protons + neutrons) (so far protons only)

* Use position-dependent trapping rates ? => additional free parameters !
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Electron and hole drift (front- and rear-side illumination) described using simulations.
* E(x) depends on the proton energy used for irradiation (23 GeV # 23 MeV)

Effective trapping rates have been determined for fluences relevant at the HL-LHC,
(up to ~3:10%5 neq/cm? ) assuming uniform trapping rates.
At 600 V the results have little dependence on the E(x) assumptions.

For charge carriers generated along the sensor depth using IR light:
—> CCE predictions low, but improved by a factor of ~¥3 compared to extrapolations

Comment: Higher CCE than expected also seen in 150 um thick Epi sensors.
After neutron irrad: see my talk, 20t RD50, after proton irrad: see DESY-THESIS-2009-022 (J6rn Lange)

Outlook:
Shall there be another study on trapping at high fluences?

Thank you!
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Fit by Morris Swartz et al. using TCAD and self-written ,,Pixel AV* simulation program to
describe grazing angle measurements ( arXiv:physics/0605215 ):
For 285 um thick pixel sensors (125 um x 125 pum, n-in-n with p-spray isolation)

p+ sensor backplane

z axis
= [ ] == track_ y axis

——————— n+ pixel implant . .
» - B'tlmpboI:\d prellmlnary
. D D A A
T Tuned: Np, Ny, 07, 0y, , 0§, 0, /
’ . Vpee=150 V
L ias=190 V- e [10™ neqem 2] [ 05 [20]59] 12
2 (@) - Na 10" em™ [19]68] 16| 30. ||
> 2 5.9-10™ n,, cm2- 14 omp—3
> r eq~ = - Np [107" em™ 7] 2.5 1 10 | 40 69. defects to
S50 -10°C+ o2/P 1107 ¢m?]]6.60|6.60|6.60| 3.8/0.94 | — describe E-field
£ B Sir:jt:tion; ot 10" em?  [1.65|1.65[1.65| 3.8
o 1; E o 107" em?]  6.60(6.60(1.65| 0.94 |_
S 05¢ . [1072ns™2]  [27]9.6[28. | 4L trapping rates
R 102 ns 2 |36]13 38| 55. used in PixelAV
: 1 I 1 L 1 1 J L L 1 1 I L 1 I_

0 500 1000
Position (um)
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CCE for holes (illumination at n*)

CCE = Qirradiated

400V
non—irradiated

_9

Qo

CCE

1.2

0.8

0.6

0.4

0.27

FZ, 200 um after proton irrad. (23 GeV) 672 nm (n |IIum ), 20°C

——

I
.
3

| %
3 é%i

<§é
3¢
g?i@@@@

L — | ' \
fluence [10'*neg/cm?] _

R R Tt

++ﬁﬁmﬁﬁﬁﬁﬁﬁ%ﬁﬁﬁ#ﬁ%ﬁﬁﬂ%ﬁﬂﬂﬁ#ﬁﬁ
st

il
i
=
——
—l—
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i
>—.—<

mimig

e
mwﬁ%g i

14
; it

i
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ﬁm it }
};ﬁf L !
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80
70 -
AN
60 23 GeV protons
' / (MS)
§ 50 ~
3 10 / V / A M.S.NA
= u
S / W\ / m M.S.ND
o 000
; 30 A — —R.E. NA
£ ——RE.ND
= 23 MeV protons (RE)
20 /
7 e ) !
10 . w Y-
0 l /T’ T T T T T 1

2 4 6 8 10 12 14
Fluence [10'* cm™ neq]
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Due to non-ionising energy loss (NIEL) defects in the Si lattice are generated

—> new states in the energy band gap — responsible for ...

e ... additional space charge -> operation voltages / thin sensors / oxygen conc.
e ..current generation -> heat and noise -> more cooling

e ...charge trapping -> signal reduction -> ROCs with suffic. low threshold

f b . I . f' d RD50: Development of radiation tolerant silicon sensors
Detects may be simplifie / RD50, VERTEX 2013 (P0S)
to an 2 effECtlve defects* : Defect Oy p[em? _ EsleV] | Assignment anfi impact on sen.sor
E(30K) o, =2.3x10 Ec—0.1 Electron trap with donor level in upper half
“" —_ of bandgap; generates positive spacecharge;
[ ]
” DO n O r at E - EV + O ‘48 eV higher generation in oxygen rich material;
7i _ higher generation after proton than after neu-
® ”Acceptor at E - EC - 0.525 eV tron irradiation [4].
BD;O’++'J Gy =23%x1071 Ec—0.225 | Bistable Thermal Double Donor TDD2; elec-
BDE;HH o, =27x 10712 Ec—0.15 | tron trap with donor levels in the upper half
. . of bandgap; introducing positive spacecharge;
Concentrations and cross sections can be strongly produced in oxygen tich material [3].
I}(,Jr o) o, =(0.5-9) x 10715 | Ey —0.23 | V,0 or carbon related defect with donor and ac-
t u n ed I n O rd e r to a g ree Wlth C h a rge I}(,D”_) o, =1.7x 10°15 Er—0.55 | ceptor level; introducing negative space.charge
0, =9x 1014 and leakage current; strongly generated in oxy-
H gen lean material [4].
COI IeCtlon measu rements' E4 c,=1x10"1 E-—0.38 | Acceptor levels assigned to the double and sin-
H . ES5 o, =7.8%10715 E-—0.46 | gle charged acceptor states of V3; generating
Typically free parameters are: ' leakage curren 6],
H(116K) op=4.0x 1074 Ey +0.33 | Acceptor levels; extended defects (clusters of
D D A A H(140K G, =25x%10"13 Ev +-0.36 | interstitials or vacancies); introducing negative
Np, Ny, 0., 04,05 ,0 (I0K) | o v
D, tYA» Ye » Yh» Ye »Yh H(152K) | ©,=23%10"* | E, +042 | spacecharge [7].
Table 1: List of radiation induced defect levels with a major impact on silicon sensor performance. Given
are the defect labels, the cross sections 6, and &, for electrons and holes, the energy level in the band gap
E, with respect to either the conduction (E¢) or the valance (Ey) band and a very brief description of the
impact on the sensor.
*EVL model: NIM A 476 (2002) 556-564. z
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After 23 GeV protons:

Oneq [neq/cm?] 1/7e [1/100 ns|

3.10H4 14.5 £3.5(ccr) £0.5(E-field)

1-10% 30 Fdcor) E3(B-field)

1.5 105 42 +4ccm) E3(E-fela)

3-10% 55 +6(ccr)  EO6(E-field)
o
8 60 T
3 F *
= 50 +
2 40 £ (m) + —Kramb. (3=5.6)
o C
£ 30 = 'é' m Swartz, cc-sim.
)
g 20 T ) O R.Eber, cc-sim.
S 10 f f -
g ; ® this study
T

0 10 20 30

fluence [10'* cm2 neq]
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After 23 GeV protons:

Oueq [ca/em?) /7, [1/100 ng U /1000 7o £ I {
31014 14.5 +3.5(ccr) £0.5(E-fiela) 8.5 £2.5(ccr) £0.5(B-field) § -
1-10' 30 *dcep) E3E-fierr) 38 Tdcor) ThEaed) = 80
1.5-10" 42 *dccr) T3(E-fea) 49 EDccr) T3(E-feld)  — 50 - (m)
310" 55 £6(ccr) EO6(m-fierd)y 98 £10(ccor) £12(p fielqy T ¥y
a £ oz
% 40 - . n 'i'
S o0 b/
S ; < oM L
(@) L
= 90 ¢ 0 10 2 30
= - fluence [10'* cm™ neq]
£ 40§ () + —Kramb. (R=5.6) 05 -
o> : 2 g s data 1.5e15 holes
g 3071 ‘= 'é' m Swartz, cc-sim. = 03¢
o - / @] I
© 20 + . _ = 01 ¢
= - O R.Eber, cc-sim.
S i ? -0.1 . ;
g 101 ® this study 0 \2 time [ns] 4
3 oM .. L = 0.5
' ! ! ! £ s data 1e15 holes
0 10 20 30 = 03
fluence [10'* cm2 neq] g 0.1
AAA
-0.1 A "'

0 Zime [ns] 4
.. e Thomas Poehlsen
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2 100 | +
S r /
= 80 + /
Qo /, ——XKramb. (3=8.4)
g 60 T / . m Swartz, cc-sim.
% - Y + A Swartz, eff. traps
a 40 t ‘m - .
© C V4 O R.Eber, cc-sim.
E 20 + / — — R.Eber, eff. traps
O -
< L /Rp A A ® this study

0 e L -

0 10 20 30

fluence [10" cm™ neq]
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7 o0f *
o L
S 50
o 40 £ u + ——Kramb. (R=5.6)
g : B Swartz, cc-sim.
£ 30 ' ,.’l ﬁ‘ A Swartz, eff. traps
& 20+ A~ A O R.Eber, cc-sim.
g 10 3 i{ P — — R.Eber, eff. traps
5 # ® this study
Q 0 1 1 I I | I I I I | I I 1 1 | 1
GJ T 1 1 1

0 10 20 30

fluence [10" cm™ neq]
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Each eh pair is generated

with a random generator.
40 000 eh pairs are generated

at the front:
The generated eh pairs

are distributed according

to a penetration depth of 10000 - - 8.2
3.5 pm £ 8000 - ¢ PixelAV 07
= - 0.6
£ 6000 - —exp(-x/3.5) 05
8 - 04
< 4000 - 03
2000 - - 0.2
- 01

0 T T T T T O

0 2 4 6 8 10

Position [um]
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60 ﬁ
50 * A Pixel AV 445 Hz (MS12)
= . X data 445 Hz (1e15)
Q.40 £ X9
STk XAy + data 445 Hz (1.5e15)
S & X 2% .
gso{- &%A;A
O A % L 2
® L e 4
Q20 4 MR
© A
© 10 % AL A A KMXX }§ J T T X TXRN T I ARAPAIOI IS I I I AU I S I S AN T e o I S kg gy
0 e e
0 100 200 300 400 500 600
voltage [V]
—. 100
L A Pixel AV 445 Hz (MS12)
‘o . X data 445 Hz (1e15)
: BEaR §§X§, s data 445 Hz (1.5¢15)
@®©
o
S 10 |
100 1000
voltage [V]
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Electron trapping rates
l'h‘ Universitdt Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG In 200 and 300 um thlck senso rs
e 1/t after proton irradiation (23 MeV)
4 - m MCzZ200N 600V
ey 0.60 S
A -~ // 7
- — 0.50 - = MCz200N 900V
c ;s
= 0.40 - /7
£ yayd —— G. Kramberger
N p //" E#E (charged hadrons)
e dd-FZ-300N 600V
0.20 |~ =~
0.10 . /;,;:!1 e dd-FZ-300N 900V
' 0.00 + ' ' ' -——-values used in
3 0 5 10 15 PixelAV

fluence [10"* neq/cm?]

For this plot E=const was assumed

Trapping times for electrons at high fluences are lower compared to expectations by G.
Kramberger also for MCz and dd-FZ 300 um thick materials.
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eh-pair generation

¢ PixelAV -1 _4 * exponential 3.5um
§.1OOOO _ —exp(-x/3.5) - 0.8 33 T—cgnslanLium—l
4 €2 -
‘® 9000 - o
o S 1
< © n
Qo
0 0 ! AT
0 2 4 6 8 10 0 1 2 3
Position [um] time [ns]
eh-pair generation ¢ PixelAV 400um .-.g ¢ exponential 400pm, 1e15
—exp(-x/400) <§_ A m exponential 400um, no trap
S -1 =
2200 . <3
4 05 52
£ 100 3 1
%
S 0+ . ! . o 0 0
0 50 100 150 200 0 1 2 3 4

Position [um] time [ns]

‘ Eh-pair generation implemented for different
Apsorption IengthsJ

Signal loss due to charge carrier trapping in Thomas Poehlsen 31
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Fit in TCAD by Robert Eber (KIT) using current, capacitance and red laser TCT meas.

after 23 MeV proton irradiation, 300 um thick, dd-FZ p-on-n pad sensors @
)
~ 2
IV Current CV Comparison of Simulated and Measured CV c,% — (;DU
— HPK FZ320N Diodes - FZ320N Diodes, T= -20°C, f=1kHz ° | O
7e-06 1 s - Z mao
60-06 1 | Vw o % —~
e § 2 m
_5e-06 ; —— leldneg/cm? d ﬁ E B O
5_1_4 —065 —_ 3e14neq/cm§ 77777 T / &)) )
45. e ] / —— leling/cm E- ‘o /ﬁﬁ —_ 'F -
£ 3e-06 e} / gl 8 (7]
o ] = leld M d 3 O
2e-06 // M C 1e14 Simulated S ) 5
] lel5 Measured
Te-06 i C 1615 Simulated 8
0 200 400 600 800 1000 0 200 400 600 800 1000
Voltage (V) Voltage (V)
TCT M, Ny, oD Parameters tuned:
F=1e15necm?, T=-20°C, V=400V e 0}2 , oA 4 ® Donor
0.012 ’ Oh
4 - *
o — Np m c=5598*F - 395914
—— Simulation

D m X(e)=X(h)=1.0e-14cm2
h

;0008— O-e’
fooos—
g B Acceptor
;,—,0.004—
E Ny m c=1189*F + 0.645¢14

0.002

Ahl X(e) = X(h) = 1.0e-14cm2

0 ' — o

5e-09 le-08 1.5e-08 2-08 50% initial donor removal

Time (s)
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Tuning of the effective 2-defect model
L2 ¥ Universitdit Hamburg

iti
DER FORSCHUNG | DER LEHRE | DER BILDUNG see and consequences for tra pping
———

60 T —
Number of Electrons vs. Time 8 Kramb. (beta_5'6)
S 50 + ®m MS - PixelAV
1 e 200V + Fit = r
£1.5e+13 - = 400V = 40 £ A MS - 2 eff. Traps (.)
5 _— 2 " | = R Eberfit
E;, Te+13 - 10'°>neq/cm? protons = 30 £— —R. Eber cal
g : -> 1/t =0.24/ns S 0 —
e / / & 20 | A -
z S5e+12 1 + = - -
g : . : S 10 + -
1 = —
Oi i 8 ”. 1 | |
L S e B S B e B B E 0 T T

0 5e-09 1e-08 1.5e-08 0 5 10
Time (s) fluence [10'* cm neq]

Defect parameters were extracted with two different approaches:
* R. Eber: capacitance, current and red laser TCT measurements in TCAD
M. Swartz: grazing-angle test beam measurements in PixelAV supported by TCAD

Can we determine the
effective trapping rate directly
from measured charge losses?
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— Trapping rates lower than expected at high fluences !
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Fit by Morris Swartz et al. using TCAD and self-written ,,Pixel AV* simulation program to
describe grazing angle measurements ( arXiv:physics/0605215 ):
For 285 um thick pixel sensors (125 um x 125 pum, n-in-n with p-spray isolation)

Collected charge

z axis
m—— [ ] = track > y axis
1 o

p+ sensor backplane

n+ pixel implant

Bump bond prellmlnary

Readout chip /
0 —Kramb. (beta=5.6)

o 0
m —
S 5 m MS - PixelAV - Lrg, ® [10™ neqem 1 10.520159] 12 |
g A MS - 2 eff. Traps Oﬁ?e/} Na [10"" em™] |1.9]6.8| 16 30.
%40 i A v (m) Np [10™ em™] 2.5 10 | 40 69. defects to
§ 30 Lol oP 110715 em?](6.60[6.60[6.60| 3.8/0.94 | — describe E-field
259 7, (4) o [107" em?]  |1.65{1.65(1.65| 3.8
o ' o 107" em?] [6.60[6.60[1.65] 0.94 |_
g 10 /‘( Ie [107% ns™?] 2.719.6 | 28. 41| <|__ trapping rates
T e N I, [1072ns % |36]13.(38.| 55. used in PixelAV
0 5 10
re,calculatedfromtraps: 2.4 8.6 20. 22. \trapping rates

Fluence [10 cm neq] (I = 191e7 cm/s - g - Ny) in TCAD (E-field)
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