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High-Luminosity LHC radiation level for the 1st pixel layer after 3000 fb-1:
 Neutron equivalent fluence Q@¢q = 2.3x10'®cm-2, dose =12 MGy

TCAD simulations of sensors give valuable input in:
« Understanding and predicting the performance of the sensor
« Optimisation for radiation hardness

Requirements:
 Accurate models + parameters describing bulk and surface radiation damage in TCAD
« Choice of correct boundary conditions

Motivation for this talk:

» Recently the Hamburg Penta-Trap Model (HPTM) with 5 effective traps has been introduced
which gives a good and consistent description of I-V, C-V and CCEg of pad diodes irradiated with
24 GeV/c p in the fluence range of 3x10% to 1.3x1016 cm-2

« -V, C-V and CCEr data have only limited sensitivity to the depth dependence of charge trapping,
which is essential to predict the response of radiation-damaged segmented sensors, because of
the highly non-uniform weighting field

=Compare simulations to edge-on beam data
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Surface damage (lonizing Energy Loss): S Lo e, ey
« Build up of oxide charges, border and interface traps «MM ot e ol A I:
= |ncrease of surface current TN 4
= Change of electrical field near to the Si-SiO; interface e T i b“’&%
= Trapping near to the Si-SiO; interface , 3 &

 C-V/I-V on MOS capacitors, MOSFET and gate controlled
diodes

Bulk damage (NIEL):
e Point and cluster defects in the silicon lattice
= |ncrease of leakage current

p-Bulk

= Change of the space charge ,,f‘}_‘fijf‘;ﬁfci?? el S semcies 8
- Development of “double junction” with resistive _‘““*” CERCE / ,f{ =
region in between N - . 3
= Trapping of drifting charge - ’_ a T 7§
» |-V, C-V and CCE on pad diodes SRR ,_ 2 %i: ?""f"‘_
In the following only bulk damage from protons 0 ols¢f = 1o '\7{5' —

and no surface damage (1D problem) 54 GeVX/(gIBrotons 1 Me\’,‘(;‘,“;)utrons
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¥...... Diode measurements for HPTM
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Diodes from the CMS HPK campaign:

. p-type (p-stop, p-spray, thinned float zone FTH200 (200 pm thick
- Irradiated with 24 GeV/c protons at CERN IRRAD
- Fluences: 0.3,1,1.5, 2.4, 3, 6, 7.75, 131075 n¢q/cm?
« Measurements after 80min@60°C annealing (irrad. 2015) at T=-20°C and -30°C with

reverse and forward bias applied

- C/G-V with 100 Hz - 2 MHz, I-V up to 1000 V
- TCT with 670 nm (red) and 1063 (IR) nm laser

- 1e21 -V CCE
1073, . . . . . . . . . 7 ! ! ! ! 1-0I. ! ! ! ! ! ' '
| L | 6¢105Nnq,cM?2 -, s é o [e @ dataIr
—_  30%nefem2 —— ST e 9/~ 100 kHz v 6010Pneqem? [, o goiapr
Lo, A — e : : : : : e e data RR|[]
104} e Y - forward
'<_E| ¢ |y gy ey H, % g 0B RN e ol
vy = S
c =
: S S
3 N,
105L T e e f =
i
: | | ®,, =6-10" cm~ 1 ey 10kiz 100 Hy Mg ey, 00 g, my, 4 000000 Uee gy, 0T
: : : Ba &, =177510"% cm2 - :
' 301075 neq/cm2 . " | : 5 5
L0 | | | | Icpeq = 1I.3-10 Icm 100 kHz reverse ) ' 0 reg froqt . | i i
—1000-800-600—-400—-200 O 200 400 600 800 —1000 —800 —600— _4'00 _2'00 0 —1000 —800 —600 —400 -200 0 200 400
VOItage [V] Vo|tage [V] VOItage [V]

Are we able to reproduce all measurements with simulations?
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TCAD (Technology Computer Aided Design): 2D Boron profile
e Process simulation — doping profile
e Device simulation — electrical behaviour

- Works by modelling electrostatic potential (Poisson’s equation) and carrier
continuity equations
- Applies semiconductor equations + boundary conditions on mesh and solves

Poisson V-eVp=—perr With  perr =qlp —n+ Np — Na| — piraps
Electron continuity % — lv .J, +R,., Where J, =qu,E+q¢D,Vn
q
. %, 1
Hole continuity 8—7: ==V Jy+ R where J,, = qpupE — ¢D, Vp

- Different versions of physics models are available (mobility, avalanche, tunnelling etc)
-Radiation damage will change the net recombination rate R,.t and the charge density
due tO ptraps

05.09.2022 | ZOOM Jorn Schwandt University of Hamburg 5
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Radiation damage modelling:

« Usually effective trap levels modelling the measured =TTE, e - E 3 acceptor
identified point and cluster defects - 8/2 £, 8% donor
e It is assumed that the traps obey SRH statistics — E, E,
conduction band

Example: 2 trap model - 6 free parameter g | | - ) M ! K

1. Energy levels + type: Ea, Ep fixed B — E’—% ___________ R T

2. Concentrations: Na, Np Yl |78 accepwr(_)ﬁ

3. Cross sections: 0A. , 4, 00, 00y, v : v

valence band

trapping generation recombination

vhcf}?p + veafnieED/kT

with { " veo? (n + niePr /K1) +vp0p” (p + nyeEr/AT)

Ptrap = ¢ NpfD — Nafal

veafn -+ vhafnie_EA/kT

(n + niefa/kT) 4 vpo(p + nje—Fa/kT)

fa = —
vhvea}?afND(np—nf) cre

Rpet = —F Ep kT D —Ep /kT
veo P (n 4+ n;ePr/ T + ypo? (p + nge /RT) Iy, :vh[o'}l?ND(l—fD)—l-U;?NAfA]
Trapping

vhvea;?afNA(np —n?)

1

veod(n + n;ePa/kT) + vpoit (p + nje—Fa/kT)

e

[. =ve[0)Na(l — fa) + o2 Np fp]
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Parameter Tuning
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Applied parameter tuning procedure:
1. The number and type of defects is selected based on microscopic measurements
2. The concentration of the defects is assumed to be proportional to the fluence
3. The I-V, C-V at 455 Hz and 1 kHz and CCE;gr with infrared of diodes for the fluences 3, 6,
13x10% neg/cm2 at -20 °C is simulated and the free parameters are determined using the
Synopsys TCAD optimiser i.e. minimising the expression

o\
s (1- 2
Ql!meas

where j runs over the different ﬂuences and j over the different measurements where Q{Slm
and O’

lL.meas

are the simulated and measured quantities, respectively, V, .. the minimum and

Vinax Maximum voltage and w some weighting factors.

e |-V and C-V are simulated in 1D (CPU time: =3 min)
» CCEris simulated in 2D (r,¢) at 5 voltages (CPU time: =50 min)

05.09.2022 | ZOOM Jorn Schwandt University of Hamburg
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Result of tuning: Hamburg Penta Trap Model (HPTM)

G ——

ZYRD50

Defect Type Energy Tini Oe o,
[cm— 1] [cm?] [cm?]
E30K Donor E~-0.1 eV 0.0497 2.300E-14  2.920E-16
V3 Acceptor E-0.458 eV 0.6447 2.551E-14  1.511E-13
[, Acceptor E-0.545 eV 0.4335 4478E-15 6.709E-15
H220 Donor Ey+0.48 eV 0.5978 4.166E-15 1.965E-16
C;0; Donor Eyv+0.36 eV 0.3780 3.230E-17 2.036E-14

» Trap concentration of defects: N = gint * ®negq

 Simulations for the optimization have been performed at T=-20 °C with:

1. Slotboom band gap narrowing
2. Impact ionisation (van Overstaeten-de Man)

3. Trap Assisted Tunneling Hurkx with tunnel mass = 0.25 m, (default value: 0.5 m¢) in case of the |,

4. Relative permittivity of silicon =11.9 (default value: 11.7)

« Both cross section for the E30K and the electron cross section for the GO; were fixed = 12 free parameter

« Optimization done with the nonlinear simplex method

05.09.2022 | ZOOM Jorn Schwandt University of Hamburg
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|-V for different fluences

-V for fluences from 0.3 - 13¢10% neq/cm? at T=-20 °C (for T= -30 °C see backup)

107 1
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» The simulation for 0.3 and 11075 neq/cm?2 are extrapolations and the 7.75+10% neg/cm? is a interpolation

|-V L ratio simulation / data
- —8— 3el4 —8— 6el5
~_ T —o— lel5 —e— 7el5
1.2 4+ —e— 3el5 —8— 13el5
- S
__________ s 1.1
—B- c
O
.I(_UJ
S 1.0 A
£
wn
S
—e— HPTM 3el4 data 3el4 £ 0.9 -
—0— HPTM 1el5 —~m - data 1lel5
—e— HPTM 3el5 -m- data 3el5
—e— HPTM 6e15 -m- data 6el5 0.8 1
—e— HPTM 7.75e15 -m- data 7.75e15
—— HPTM 13el5 —® - data 13el5 0.7
—1000 —800 —600 —400 —200 0 —1000 —800 _6030|ta e[V_]4OO —200
Voltage [V] J

(not included in the optimization)
« The simulation agrees with the measurements within 20% for all fluences and voltages
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UH

C-V for fluences from 0.3 - 13¢10%5 ng/cm? at 455 Hz and T =-20 °C (for T=-30 °C see backup)
1/C2-V ratio simulation / data

1.3
| —@— 3el4 —®— 6el5

lel5 —@— 7el5
+~ —8— 3el5 —@— 13el5

le21l

@)
1

92}
|
[
=

N
1

ratio simulation/data
=
o

1/Capacitance”™2 [F™-2]
w

| “m M \

TR
—e— HPTM 3el4 —B - data 3el4d 0.9

2 1 HPTM 1lel5 data 1lel5
—8— HPTM 3el5 —m® - data 3el5

14— HPTM 6e15 —® - data 6el5 0.8 A
—o— HPTM 7.75e15 —m®- data 7.75el5
—&— HPTM 13el5 -l - data 13el5 07

’ —1(I)00 —8|00 —6IOO _4'00 _2'00 6 ~1000 —8IOO —6IOO —4IOO —2IOO 0

Voltage [V] Voltage [V]

- The simulation for 0.3 and 110" neq/cm2 are extrapolations and the 7.75¢105 neq/cm2 is a interpolation (not
included in the optimization)

« The simulation agrees with the measurements within 20% for all fluences and voltages

« Deviation at highest fluence and voltage may be due to impact ionization

A better agreement between simulations and measurements is achieved at 1 kHz
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CCE vs. V for fluences from 0.3 - 13¢10% neg/cm2 with infrared laser and T = -20 °C (for T= -30 °C see backup)

CCE-V ratio simulation / data
1.0
%%%%T 3¢ 1014cmM 2| == HPTM 3-10'* cm—2 — =
e—e HPTM 1-10"° cm—? g
l =3 HPTM 3 - 101? cm_z 1.4 -. . '.-.'.'
HPTM 6 - - A 4
I — HP%\A g : %815 cm—? 13+ 10>cm-2
AT
Data 1 - 1012 cm_z
Data 3-10°2 cm™
Data 6-10% em=2 £ 1.2 7
3« 1015¢m-2 Data 810" cm~2  ©
0.6 - Data 13 - 10'° cm ™2 -
i ) 5
O © 1.0 o
) E -
0.4 4 n -
_8 Il' n 3. ’|O15cm-2 e 3el4l
. L S 0.8 - «  lels
= 3elb5
0.2 - / ~ Ly = 6el5
-y - x = 7el5
e 1015am-2 x : , 0.6 1
13+ 10>am T = I = 13el5
- E 3 T T T T
0.0 I 1 1 | T —1000 —800 —600 —400 —200 0
—1000 —800 —600 —400 —200 0 Voltage [V]

Voltage [V]

* In the optimization only the voltages -200, -400, -600, -800 and -1000V were used
« For all fluences the voltage dependence is well reproduced
e At high voltages the simulation agrees with the measurements within 20% for all fluences

05.09.2022 | ZOOM Jorn Schwandt University of Hamburg 1
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Simulated E-field as function of position for different fluences at 1000V

E-field vs position

= HPTM 3el4
200000 - HPTM lel5
—: HPTM 3el5
— = HPTM 6e15
150000 HPTM 8el5
'c HPTM 13el5
L | |
> ]
—_ ! |
5 ’|
Q - y
£ 100000 ; 1
=) ¢/
< ¢ 7/ /I
J 7
50000 - 771
// > &
. . :&w
0
0 50 100 150 200

» Double peak structure for fluences > 310" neq/cm?2 clearly visible
« Peak field of = 2+105 V/cm at the highest fluence = impact ionisation

05.09.2022 | ZOOM Jorn Schwandt University of Hamburg 12
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Sensors: Diode 5mm x 5mm Diode 2.5mm x 2.5mm

« HPK n*p pad diodes, area 5.0x5.0 and 2.5x2.5 mm?
» p-stop isolation
« FTH 150 pm thick
» Depletion voltage: 75V ( 4.5x102 cm3)
e Irradiations:
- 23 MeV protons (KIT), hardness factor 2.2
- Qeq =2, 4, 8,12x10>cm-2

Beam test:

At DESY Il beam test facility using the DATURA telescope relescope planes_ Scintllators
 Electron beam with 5.2 GeV /
e Intrinsic resolution for each plane of telescope = 3.2 um Ref module
» Track reconstruction using upstream triplet and time _\ . |

reference module coolingpad
» Rotation stage for the DUT with precision of 0.1° (1.7 mrad) 5 | I | _]

11 dzpyr |

For details see: M. Hajheidari et al., https://doi.org/10.1016/j.nima.2021.166177

05.09.2022 | ZOOM Jorn Schwandt University of Hamburg 13
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Examples of charge collection profiles as function of voltages:

Deq = 2x105 cm-2 Deq =12x10%5 cm-2

ANon-irrad | | | | |

W80V | 40 - AAAAAAA“AA

:ggg x A A Non-irrad

I 357 A msOOV |

é200v A PG00V

@100V | 30 <400V
$200vV
@100V

« Double peak structure at low voltages
 Uniform at high voltages
« Reduced charge collection as function of fluence

05.09.2022 | ZOOM Jorn Schwandt University of Hamburg 14
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GEANT4 simulation

The charge collection profiles are a convolution of:

- the CCE profile
 the smearing caused by the limited spatial resolution of

the track position
- the energy deposition of the electron beam as function

of depth in the diode

Edep(x) '
Q,,(x) =A-| CCE, (x) - * Gauss(x,0,0,,,) \ | | | | | \
Edep(o 0'7?80 60 -40 -20 y [om1 20 40 60 80
with  CCE,(x) = CCE,(x) + CCE,(x)
X Y g Example of CCE
and CCE,(x) = J E (y) - exp J : y , | |
—an x Ae(Y) N S —
drn Y dy” FA e,
CCE (x) = J E (y) - exp —J — | dy L / \\\ |
. A ﬂh(y ) _06F ' : \\ g
+ d: thickness of diode, E, weighting field
» A, (x): charge collection length of electrons and holes of the model |
- A: scaling factor and o,,,, beam resolution (10 pm) L I R

05.09.2022 | ZOOM Jorn Schwandt University of Hamburg
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Models used:
» Hamburg Penta Trap Model (HPTM)
» Perugia (2022): 3 traps ( BiO;, V2, V3) cane be found: Here
» Perugia (2019): 3 traps ( BiOj, V2, V3) can be found: Here

Deq = 2x1015 cm-2 Deq = 4x1075 cm-2
80 [ | | i 80 | | |
OVORLLLY M data (800 V) M data (800 V)
70 - A @data (100 V) 20 @data (100 V) |
=HPTM =HPTM
60 - A Perugia 2022 60 - A Perugia 2022
==Perugia 2019 ==Perugia 2019
50 50
O %)
=40 2 40
o C
30 30
20 20
10 10
O |
0 : -0.15 0.15
-0.15 . -0. . 0.15

05.09.2022 | ZOOM Jorn Schwandt University of Hamburg 16
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#...... Comparison of simulation and data Il
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q)eq - 8X1015 Cm'z cDeq = 12)(1015 Cm'z

45 ' ' ! : 45 l i l | I
B data (800 V) M data (800 V)
40 - e @data (100 V) - 40 - @data (100 V) |
& e, =HPTM =HPTM

35+ y "ve, A Perugia 2022/

. *e, Porucis 2019 35" A Perugia 2022/
30 : * g = sPerugia 2019

-0.15 -0.1 -0.05 0 0.05 0.1 0.15
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« The HPTM gives a good and consistent description of 1-V, C-V and CCEr of pad diodes

« A method was developed which allows the direct comparison of TCAD simulations with
edge-on beam test measurements

 Using the HPTM the simulated charge collection as function of voltage shows a depth
dependence even though such an information was not explicitly used in the optimisation

» At low voltages the simulated charge collection is similar to the measured one, but at
higher voltages there is a disagreement

= Consideration of edge-on measurements during optimization

= Rethinking the choice of defects?
- ..

Thank you for your attention!

05.09.2022 | ZOOM Jorn Schwandt University of Hamburg
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BACKUP
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Up to now state of the art

RADIATION DAMAGE MODE a

“ E SUBSTRATES

3-trap Perugia parameters (F. Moscatelli et al IEEE Trans Nucl Sci 2017) for Synopsys TCAD

Fluence depending
cross sections!!!

(UP Td
Type Energy Ce (cm'z) Gy, (cm'z) n (cm")
(eV)
Acceptor | Ec-0.42 1x107"° 110" 1.613
Acceptor | Ec-0.46 7x107"° 7x10™° 0.9 |«
Donor | Ev+0.36 | 3.23x10"° | 3.23x107" 0.9
RADIATION DAMAGE MOhisi=e PSR S TRATES
(IN THE RANG
Type | Energy | o.(cm®) | op(em?) | n(cm™)
(eV)
Acceptor | Ec-0.42 %1077 %107 1.613
Acceptor | Ec-0.46 3x107"° 3x107" 0.9 |-
Donor | Ev+0.36 | 3.23x10™° | 3.23x107" 0.9
RADIATION DAMAGE Mo& TP T . RATES
(IN THE RANGEC1.6 x 1010-2.2 x 1015n/cMm?)
Type | Energy | o.(cm™) | ou(cm?) | n(cm™)
(eV)
Acceptor | Ec-0.42 110" 110" 1.613
Acceptor | Ec-0.46 | 1.5x107"° 1.5%x107" 0.9 |«
Donor | Ev+0.36 | 3.23x107° | 3.23x10"° 0.9

Jorn Schwandt University of Hamburg
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Does it describe our data?
-V C-V CCE

le21 0.5

1.3¢106neqcm2 - -+ data R 16 2
_____ eq/ Perugla =& Perugia IR 1 310 neqlcm
"""""""""f"" B -;‘ | ] 04l|® e dataRF | S R PR
"" m--@ Perugia RF Perugla RR
o e -a—ta--1-k-H-z-------‘=;,-‘ ----------- S— U e Perugia IR g
< 5 ! ) 0.3[[="e PerugiaRR| “;"" o
R - SO T AU R e S S "
3 O
E 02F S i e Udld IR
_ | | | | | —= data 2T data: 455 Hz | "N ™ o ; :
'.'.../""-o ..... X | e Perugia || NS Perugia 455 Hz | N \“‘ R D7 RS i
: ...'b,‘ ; =—a data ] | =—a data 1kHz ---------- reverse -------- ------------- “_‘.._ R gliets Peru Ia RF
oo Perugla ) [ Perugia e Perugia 1kHz | . g | 8
2 1000-800 —600—400-200 0 200 400 600 800 9000  —soo 00 =400 =300 0 0 200 400 600 800 1000
Voltage [V] Voltage [V] Voltage [V]
Electrlc field Edge-TCT measurements
100009 — 00y (M. Mikuz: Tredi,Paris, FEB 2016)
1 3.1016 neq/cmz — 400V Electric field profile 1.1e16 p/cmA2
80000 | = 600V |] 0 o R I
5 5 | — s00v i everse current too Iow
2 ool — 100 * CV shows no frequency
% | o dependence
2 40000| S Lo lah e - e CCE has not the correct
L 2 ; . i vvv ‘;«/VW
IR N, e voltage dependence
20000 { ‘ .. 1% " ®
‘o V ,='~__uvnv; N ;“/ v:gz ¢ NO dOUble Peak
| 200V : : : o
00 50 100 150 200 -50 0 50 100 150 200 250 300 350 oo

Depth [um]
*) All simulations done with Synopsys TCAD (L-2016.3- SP1)
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Trapping
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Trapping rates: —= ) veoy(L=fONe  —= Y wnopfeN,

defects defects

—o— e HPTM
101 4 —®- h HPTM
: e Adam et al.
_ h Adam et al.
| —— e Kramberger et al.
h Kramberger et al.

o
= 10° +
-
8
—
10—1 .
7 04
V4
o’ electrons HPTM 2as
100 102 102 -

oS
(N
G

Fluenz [1el4 neq/cm”™ 2]

« For HPTM the trapping probability of electrons is a factor
3 higher than for holes

1/71.(inverse nanoseconds)

» Similar to old alpha TCT measurements (1993, 1999) but

different to new red laser TCT measurements
» Effect know since Brodbeck et al. NIMA 2000, but not
investigated further

05.09.2022 | ZOOM Jorn Schwandt University of Hamburg

Kraner et al NIMA 1993

30
| CURRENT SHAPE MEASUREMENT
o5 | ® ELECTRONS .
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i
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a2 O HOLES
= 15 . {
. .
N 10} ; _
i
.
o ¢

Si niiu
o8t o

0] 100 200 300 400
& [1011n/cm?)]
eq

Fig. 9. Trapping probabilities, 1/7, for both holes and elec-

trons as a function of fast neutron fluence as measured by the

observed pulse width (squares) and the calculated charge
collection time {circles).-

Beatie et al NIMA 1999
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... I-V and C-V at T=-30°C
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|-V C-V for different fluence at 455 Hz
10-4 le21l
HPTM 3el5
HPTM 6el5
HPTM 7.75el15 0
HPTM 13el5
data 3el5 R
107> - data 6el5 E 5 A
= data 7.75el5 ~
= data 13e15 %
o C 4.
- © —o— HPTM 3el5
3 § —e— HPTM 6e15
10-6 4 Q| —e— HPTM 7el5
= 37 —e— HPTM 13el5
—~®- data 3el5
—~m - data 6el5
21 —-m- data 7el5
—® - data 13el5
10~/ . . . i i i i i i i i i
—1000 —800 —600 —400 —200 0 —1000 —800 —600 —400 —200 0
Voltage [V] Voltage [V]
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CCE at T=-30°C
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CCE-V for different fluence (infrared) at T =-30 °C
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E-field vs. voltage
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Charge collection measured with strip sensors (data from Affolder et al NIMA 2010)

Comparison with strips

Simulated structure
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Collected charge vs. fluence
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A........ Simulation of charge collection | ZRD50

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Procedure to determine the charge collection as function of depth: 1_ Z vitg, (1 — )N,
1. Perform 1D TCAD simulation with HPTM for protons as function of voltage Te  gefeets
2. Calculate trap occupancies f: as function of depth (y) I _ vihg N
3. Calculate trapping rates as function of depth for electron and holes / Th defze:‘.m et

= Charge collection lengths as function of depth and voltage:
- 4,(y) = 7,(y) - vo(y) and 4,(y) = 7,,(y) - vi(y) with drift velocities ve and v, from the simulation

Ae HPTM © = 2E15 ngg/cm?, T = 258 K Ap HPTM ® = 2E15 ngy/cm?, T = 258 K
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