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Motivation

e |Tk Strip Sensors will degrade with TCAD talk by Yuzhan Zhao
increasing radiation damage

e necessity to reliably predict
behaviour and adapt operational
parameters e.g. bias voltage

e modelling of radiation damage

Lo THe AlIPix2: Simulate propagation, scan
effects in digitization for detector

across charge-deposition positions start

End

readout - | B
e currently, simulation methods too v 4 v
slow S

Derive LUTs . : - _
Ramo Rl trapping
potential m constant

LUT closure checks

e look-up table (LUT) method
for fast and accurate predictions

. o Translate to luminosity estimates (Geant4) .
> custom ITk Strips model of radiation '

damage in silicon sensors informed L

. Import into Athena database
by direct measurements EXPERIMENT

for physics validation

TCAD + AllPix2 pipeline talk by Jeff Dandoy
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https://indico.cern.ch/event/1439336/contributions/6242527/
https://indico.cern.ch/event/1439336/contributions/6242526/

¥ Introduction

e measurements on MDS8 diodes

e samples mounted on heatsinks and wire-bonded contacts for
implant and GR

e previous tests performed on unirradiated and irradiated devices

e unirradiated halfmoons from batch with high current main sensors
+ reference samples from ‘normal’ batch

e irradiated samples with irradiation done at CYRIC with 70 MeV protons
o 3 different fluences (10% uncertainty) and annealed 80min@60°C:
4.57e14 n,,/cm?  8.34el4 n,/cm?  1.54el5 n,,/cm?

= presented during ‘Hiroshima’ Symposium 2023

® neutron/gamma-irradiated samples not yet tested

e recently received CERN-PS 24GeV proton-irradiated samples
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¥ Measurement methods: DLTS/I-DLTS

Electron trap - Hole trap -
high injection hole injection
1. DUT iS under COnSta nt I"eVEI"SE biaS 1. Quiescent reverse bias VR 1. Quiescent reverse bias \.'fR
[ EC
2. filling pulse with specific voltage V, and duration is T E w b
applied, adjusted to trap states of interest | R E IR B -
¢ VP as reduced reverse blas - maJorIty carrier tra ps (hO|€S) 2. Saturating injection pulse (Vp,forward bias) 2. Majority carrier pulse \.'fP
e V,slight forward bias — minority carrier traps (electrons), T E, ‘ E,
if capture rate much larger than competing majority traps o O E ’ P
0 p oo s e enn - T
. . . SN S I R
3. bias back to prior level, measure transients
3. Thermal emission of carriers 3. Thermal emission of carriers
. . . . e
capacitance or current transients, depending on sample R E. 3
. . ET n 2
e usually average O(100) transients per temperature point " P e I T T E,
e plot AC or Al vs. temperature for fixed rate window LT e O )
. .. Ve
corresponding to emission rate Ve Biae v Ve
pulse
e analysing spectrum for varying rate window [t;; t,] yields ) IK ]
Arrhenius plot of trap levels T naient ’”I/,/
L1 N L -t
I 3 1 I 3
]
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¥ Measurement methods: DLTS/I-DLTS

temperature T

E A I.'tL’l A E
) . 2 ! : e eieeeeo—o__. |highT S
1. DUT is under constant reverse bias E g 4 e / :
E g _I/r : ___________________ F/ g
2. filling pulse with specific voltage V, and duration is 52 W I /
. . . 22 ! —_— e s
applied, adjusted to trap states of interest g2 L K ™ T 2
. . . -8 L—t—— 0 5
e V,asreduced reverse bias — majority carrier traps (holes) 28 G \ ,‘ 5
= = T I e
e V,slight forward bias — minority carrier traps (electrons), g ®l L ! \i ow T £
. . . . o] .
if capture rate much larger than competing majority traps © I : e TAC . —Cw)-CL) =
. . . 0.030 T T T T T T T . T T T T
3. bias back to prior level, measure transients ! V., =-1V,V, = 0V / 10ms
. . . L = Dat _
e capacitance or current transients, depending on sample 0.029 " Smoothed
i 1st peak Gaussian Fit Total ]
. . 0.020 - - - 1st peak G-F?H —
¢ usually average O(100) transients per temperature point : e R Total
o 0.015 - ---2nd peakG-F?H N
e plot AC or Al vs. temperature for fixed rate window S son T AnapeskeTE
Sy

corresponding to emission rate
0.005

e analysing spectrum for varying rate window [t;; t,] yields

Arrhenius plot of trap levels 0.000

-0.005

50 100 150 200 250 300
Temperature [K]
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Measurement methods:; O-DLTS/PICTS

Electron trap -
high injection

Hole trap -
hole injection

1. Quiescent reverse bias VR 1. Quiescent reverse bias \.'fR

e Optical-DLTS and Photo-Induced Current Transient T e
Spectroscopy variants of basic DLTS/I-DLTS ) E T ] €

2. Saturating injection pulse (VP, forward bias)

e difference: use LED for injection and trap filling

T n* p
e |R-LED (1050nm) has high penetration depth, energy ” P e e
slightly above Si bandgap i i
3. Thermal emission of carriers 3. Thermal emission of carriers
« . . . . PO E E
e LED pulse allows charge injection above what is possible NN - c
with (forward) electrical filling pulse; more/different . e " .
traps can be saturated ) €, I
-
L B o .
e can also use differential modes for measurements to v | v, .
subtract baseline current Blas pulse

S IK Capacitance
transient
ac ACI /,/—
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¥ Measurement methods: O-DLTS/PICTS

e Optical-DLTS and Photo-Induced Current Transient
Spectroscopy variants of basic DLTS/I-DLTS

e difference: use LED for injection and trap filling

e |R-LED (1050nm) has high penetration depth, energy a
slightly above Si bandgap Photon Energy (eV) Y
— 6.20 310 207 155 124 1.03 089 0.77 0.69 1
* LED pulse allows charge injection above what is possible & 4] [ ST
with (forward) electrical filling pulse; more/different ~ ] o8B
h -
traps can be saturated "qo'; 10°3 r10” 2
- i O 104 ;10" =
e can also use differential modes for measurements to c : o
subtract baseline current Q2 il—s ' O
o 10" 4 o 10 &
. . :
I6 - InGaAs - -9,
N 10+ InGaAs r10°
g ] InGaAs 3 E-
101 v I v I v I v I v I v I ' L] ' 103 3
0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 ~
Wavelength (pm) Source: Thorlabs
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¥ Unirradiated diodes: DLTS spectra

e DLTS measurements performed
for different bias voltage and — T

filling pulse settings 1563 | Vw=0V/10ms ATLAS ITk Strips -
175K ol V,,.=-5V RW 125Hz
) ~ -
common trap at seenin a ——Wi53 — W14 MDS diode (unirrad.)
ledeS W156 W178
1.0E-3 b ——W179 —— W418 DLTS spectrum s

H(175)

— W420 W421

* negative offset observed, mitigated

with GR at GND H(225)

¢ B5O0E4
e peaks at ~100K not consistent g
between different scan parameters 9
no clear Arrhenius plot 0.0
-5.0E-4

> only true additional defect
observed for W153 at ~225K P

»confirmed over multiple runs anc 50 100 150 200 250 300
2 diode samples Temperature [K]
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W Unirradiated diodes: Arrhenius analysis

e good trap saturation for
10ms filling pulse

g T ' T ' T T T g T 7 T
* flat relative trap P ATLAS ITk Strips
concentration as indicator 1000 1 iy / i
I :’Emz o _ MD8 diode (unirrad.) -
e increased transient - ZT ARERIUS apa i
amplitude for larger bias | H(225) T S’
Temperature [K]
® no changes to overall —_ R
Nz H(175)
spectrum e J
o
e Arrhenius plots from rate « : 51 [
window analysis :o' WS
e derive trap parameters from b S et F il
linear fits o g V= 300mV / 10ms ]
b ot O 20 20 240 ,( e defect 175K: 380meV
T Temperature [K] ’,' e defect 225K: 443meV
Tmedian [K] ET [meV] c [cmZ] : l . ] ) 1 a2 9 ) | A | ;
50 55 60 65 70 75 80
175 (common) 310-390 10'*#-10%3 1
1/KT [eV]
225 (W153 only) 443 +6 7.5 x 1015 + 1.4X : . E,
ln(TeT ) = —In (GJ:,P Fn,p) -F ]@7
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W |rradiated diodes: I-DLTS spectra

e capacitance transients did
not yield reliable results In~ ATLAS ITk Strips H(230) .

e high trap concentration

A MD8 diode (irrad.)
e |-DLTS spectra very clean £ 800p |- I-DLTS spectrum .
e >270K could not be fuIIy 8 I-DTLS |-DDLTS
explored due to high current O, —— - - -4.57e14n_fcm? WB0366
o g P00 g3 n_fom? W371 )
* additional traps observed . T
using forward injection 5 -
pulse in double-pulse 2 40Py~ sy Rw475HZ 7
setting £
L I-DLTS: V,, = 0V / 100ms
= 200p -
I-DDLTS: V,,, = 300mV / 100ms
e observable traps limited to [ Vi = 0V /100ms e T
those with largest capture =T St
cross-section 175 200 225 250 275

Temperature [K]
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W |rradiated diodes: PICTS spectra

e observable defects even at
low temperatures

e not seen in I-DLTS

MDS8 diode
600p  CYRIC 70MeV proton
PICTS spectrum

e convolution of (at least) two PICTS D'P'CISST o We036S
trap states in large peak s
400p - - -8.34e14n_/cm” W3T71

—— - - -154e15n_J/cm’ W45

e trap filling purely through
LED (could be combined
with electrical pulse)

e D-PICTS to subtract baseline
current without LED

V,___=-5V RW475Hz

bias

200p | PICTS:V,, =-5V/1ms/5mA LED

D-PICTS: V,_ ,=-5V/1ms

fil2

Al / emission rate [Coulombs]

e shorter 1ms filling pulses
give stable trap saturation 0

IllllIIIIIllllIllllllllllIlllIlllllllllllllllllllllllllll

40 60 80 100 120 140 160 180 200 220 240 260 280

Temperature [K]
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Irradiated diodes: I-DLTS Arrhenius analysis

e good trap saturation for 100ms

filling pulse

e higher trap concentrations in

devices irradiated to higher fluences

e no significant variation in trap

parameters with higher fluence

e observed trap parameter precision

limited due to high trap

concentration
® [n.,/cm?] E; [meV] o[cm?]
4.57e14 452 +4  2.7x10%4+1.2X
8.34e14 442 +7 1.5x10%+1.5X
1.54e15 469+3 3.2x10%+1.2X

04-Dec-2024

I
ATLAS ITk Strips
1000 F P ]

MD8 diode (irrad.)

|I-DLTS Arrhenius analysis

V,, =0V /100ms
N i Vi = 0V
<, ® 4.57e14n_Jcm? W80366
2 100F o g34e14n, jom? WaTt . E
= e 1.54e15n_J/cm® W45 g

eq /
0 LPTUTEPOT,
L o T
o :
o® ..,.. 10500 220 240 260
, ’ , 790 Temperature [K]
’ /2, ’
10 A | L 1 1 L |
40 45 50 55
1/KT [eVT]
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Irradiated diodes: [-DDLTS Arrhenius analysis

e forward injection pulse

e remove large signal with double-pulse | | Glp,’p’ ) '," ,/’/
measurement ATLAS ITk Strips @;"D, // / vy
70 ’ ;7
. . H H oo 4 /’ ‘//
e 2-Gaussian deconvolution yields second trap MD8 diode (irrad.) 2 e f A
. . . I-DDLTS Arrhenius analysis cg! o ,e
contribution in peak flank 100 L o .‘/ /
e larger uncertainties on fit results of secondary - Xﬁ"ﬁ _ 230/”;'\(;;”120”"5 po" d‘gg r
peak component & VY L %pép‘? r ,:,'
o ® o 457el4n,jom’ WE0366 Q;éf? )/ j.o’
o~ e o 834e14n_/cm> W371 ,
¢ [neq/cmz] ET [meV] o [cmZ] = e o 1.54e15 n:lcn‘{2 W45 ébg ) ’:’
’ ’ 9
521+7  6.9x1073 ¢ 1.4X S e T e
4.57el14 )/ O L T Sy
/ Favs =z
457 +28 7.3x1071° +3.6X , 2 /00
4 o 4 ,’ ﬂ:"2320 250 2“‘0 250 2(‘50 270
539+9  1.4x1072+1.5X o L oo Tempastrs 4
8.34el14 40 45 50
686+42 1.9x101°+6.8X
1/kT [eV]
516 £ 6 2.3x1013 +1.4X
1.54e15
465+41 4.2x10% +6.5X
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Irradiated diodes: PICTS Arrhenius analysis

e observed trap concentration much higher

than for electrical injection

e shiftin trap energy compared to I-DLTS

® [n/em?]l | T, [K]

200
4.57el4

240

200
8.34el4

240

200
1.54e15

240

E; [meV]
3996

452 + 16
3877

513 +13
405 + 10
487 + 29

o [cm?]

3.2x1014 + 1.5X
1.3 x 1014+ 2.2X
1.4 x 1014 + 1.5X
3.0x101 +1.9X
2.3x101 +1.8X
8.8x 10 +4.1X
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100

T? / e [K’s]
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. MDB8 diode (irrad.)

PICTS Arrhenius analysis

"V, =-5V/1ms/5mA LED

Vbias =-5V (9 ' ;
o 457el4 neqlcmz ® ? o
| e B8.34e14 neq/cm |
[ e 154e15n, Jem’ g ®° ./ i
&' 1
[ 4
e, &8 r'y
_E10'4, ..m;-;_“ TQ’;& . %ﬁﬁ ¥ &
z . M;%, =3 .’ of
. ® o or
10" (1Y
200 220 240 260 OcP .o o0
Temperature [K] o %
L1
1 ' L L L L I L 'l 1 L I L L 'l 1 ' L L L Il I L I
35 40 45 50 55 60
1/KT [eV]
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¥ Summary and Outlook

e started collecting trap parameters for unirradiated + irradiated MD8 diodes
e create custom radiation damage model in TCAD with DLTS-measured defects

e established pipeline to build LUTs from ITk Strip Sensor simulations

Outlook

e measure other irradiated diode samples
e mainly use PICTS

e currently ongoing

e compare observed traps for different sources of irradiation + fluence
e CYRIC 60MeV vs. CERN-PS 24 GeV protons

e comparison between proton/neutron/gamma samples
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Backup
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Measurement methods: DDLTS, Capture Kinematics

ATLAS.

e Capacitance Double-Pulse DLTS (DDLTS) measured at temperature of observed trap

e progressively increasing filling
pulse at fixed bias
= deep level trap profile

Va1 Ve z Vs Vana Va1 Vi n

p time

v, _ ]

|

I

capacitance |
transients I
sample points

Fermi level crosses trap level

V.
fill 2 . ‘

E signal differenc

e

¥ =trap concentration

in region X;-X,

E,

6-Dec-2023

e fixed pair of filling pulses at
increasing measurement bias
= field strength dependence;
indicates acceptor/donor state

capacitance

transients
acceptors donors i amphoteric
‘ levels E
f = = c
+ +
electron % ++ -
traps =
' &
0
hole -
traps o
| < -
o
Ey

example: By VO P CO; TDD| VV
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M. Moll, Ph.D. thesis

¢ increasing filling pulse duration
= capture kinematics;

ITk

tan tan 2 tan s tem 4 i mel taln
Ve 1 I N ] ] p time
L— J
|
I
capacitance r
transients i
~ 10 ==——Data = c-msssssssssmagpea=s .-
2 - - Point Defect !
- | e Discrete Barrier !
E 08F wimia Dislocation
Z
=
k™
= 0.6
o
o
=
]
‘s 04
= —
5 g
c §
=
g 0.2 u S
= 2w
: SE
s 00 = e
Z ol L - L L -l o 5 9
< 2 K =
ST R TS 3 TS BT I (R T R (1l % 2
Filling Pulse Width (sec) =3
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PICTS: 1.54e15 neq/cm2 sample —all traps

600p lllllllllllllllllllllllllllllIlllIIllllllllllllllllllllllll
MDS8 diode 4%'(52003/
. CYRIC 70MeV proton N H(240)
E PICTS spectrum 487meV
c_E:, 400 PICTS D-PICTS
3 PT —— - --154e15n_Jcm? W45 il
O,
° V.. =-5V RW475Hz
q(_“.l L -
= PICTS: V,, = -5V / 1ms / 5mA LED
C
o
‘0h D-PICTS: V,_ , =-5V/1ms
g 200p | fill 2 _
€
@
—
P H(85) H(125)  H(150) .
106meV
0_llIlllllllllllllllIlllllllllIlllll|Illlllllllllllllllllllll_

40 60 80 100 120 140 160 180 200 220 240 260 280
Temperature [K]
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