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RD50 Motivation I: HL-LHC @

Q4 Challenges for tracker:
= Higher radiation hardness

O Upgrade: LHC — High Luminosity LHC (HL-LHC)

» Expected | L = 3000 fb! after 10 years of operation « High occupancy — higher granularity
» Pseudorapidity coverage fromn=25—4 = Reduce material budget — thin sensors
(~200 um)

Estimated fluences in CMS Tracker at HL-LHC after 10 years of operation

CMS Preliminary Simulation CMS protons 7TeV per beam

2012 FLUKA geometry 1 MeV-n-eq in Si at 3000 fb™!
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Silicon detectors will be exposed to hadron fluences more than 10 n,, cm=
— beyond the performance level of detectors used currently at LHC

RD50 mission: development of silicon sensors for HL-LHC
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Radiation induced
defects
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RD50 Radiation damage in silicon: Defect Parameters @

O Radiation (¥, >1e13 cm) causes damage to silicon crystal structure (P, = 1 MeV n,)
d High fluences (®.,>1e14 cm) lead to significant degradation of Charge Collection Efficiency

(CCE) due to charge carrier trapping

U Both bulk & surface damage affect Shockley-Read-HaII Statistics
the detector performance: E \
» Bulk damage: Introduces deep C
acceptor and donor type trap levels + \ electrons
» Surface damage: Positively charged donor -
layer accumulated inside SiO, o
— affect to sensor performance through —
the SiO,/Si interface acceptor
E, ve
Q Defect parameters: Charged defects: Captured e, h:  Generation/
type : acceptor, donor, ... Nef! (space charge, trapping - CCE Recombination e, h:
_ L E-field), Vgep LC
E, : activation energy
. [M. Moll, VERTEX 2013]
O'n,p . capture cross section
N, : concentration

Defect type o,[cm?] o, [cm?] N, [cm3]
Acceptor Ec - X O(1le-14) | O(1e-14) n,;® +c,
Donor Ey + X, O(le-14) | O(1e-14) n,® +c,
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RD50 Defects in silicon @

O Each defect has an energy level in Si bandgap ora QO 11 defect levels proved to influence the
variety, depending on the conglomeration of defects performance of irradiated Si detectors (see back-up
2-3) — Effective model is needed for simulation

U Multitude of energy levels, cross sections &

concentrations: huge parameter space to model! Energy levels from Thermally
Stimulated Current (TSC) measurement
Point defects of crystals E/2 m—
L 200
0000
o =0
‘ ?‘3. 0.424 v,
g ' H140K" <
© 0.33 0i- -
—_ H116K o
— E 0.225 =
Vacancy Interstitial impurity Self-interstitial = — BD - 100 g
= =%
i; 0.176 VDT'“ T E
4 £
-+ 50
[#) 0.079
. E30K™ }
e . . . 0
cv 60 40 20 0
Substitution impurity Frenkel defect — tsc-signal (pA)
www.substech.com H defects: [I. Pintilie et al., Appl. Phys. Lett. 92, 024101 (2008)]
BD: [I. Pintilie et al., NIM A 514, 18 (2003)] & [I. Pintilie et al., NIM A

556, (1), 197 (2006)] & [E. Fretwurst et al., NIM A 583, 58 (2007)]

[R. Eber, 8" Detector Workshop, Berlin, 2015] I
E30: [I. Pintilie et al., NIM A 611, 52-68 (2009)]
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Simulated defects:
Implementation
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RD30 PTlI model: E-field distribution in irradiated detectors @

Principle for irradiated detectors simulation

L On basis of minimized set: microscopic parameters of
irradiated Si to reproduce the detector performance at certain
operational conditions

O 2 midgap energy levels DD and DA applied to reconstruct
& predict:

Bulk generated current + E(x) + trapping

Parameterization for custom made software
[V. Eremin, 20t RD50 Workshop, 2012]

U Parameters for pronounced Double Peak (DP)
effect (not corresponding to correct description of
other detector properties):

Trapping of free carriers
from detector reverse current
to midgap energy levels

Bulk generated : of radiation induced defects
current calculated Tdypfe Otf L[e\\//?l [Ue,g] |ntf0d[UCt'?]n rate | |leads to DP E(x)
: erec e cm cm-
fF:%m S'gg:e level Deep acceptor (DA) | E. - 0.525 | 1e-15 1
moael ~ [__Deepdonor (oD) | E,+0.48 | 1e-15 1
Current generating level | E~ - 0.65 | 1e-13 1

V. Evemin, E. Verbitskaya, Z. Li. “The Origin of Double Peak Electric Field Distribution

[V. Eremin, RD50 SWG meeting, March 2013] in Heavily Irradiated Silicon Detectors”, NIM A 476 (2002) 556.
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RDS50 PTI model: Simulated E-field in irradiated detector @

lel5 ngcm?
— 793K, current

= 293K, nO current V=500 V’ //
300 um

— 253K, current

— 253K, no current

PTI 1D simulations: 6.0E+04
Q E(x) profile formation in irradiated Si detector

described as: >-0E+04
Carrier generation + trapping to midgap DDs and DAs —< 406404
L TCAD: Not possible to introduce exclusively current § 3.0E+04
by adding PTI trap E = E.. - 0.65eV (current governed in | <
non-irradiated device by SRH, Auger & radiative “ 2 0E0a N
recombination)

1.0E+04
|:> Alternative approach:

Generation may be considered —— 0.0E+00

via carrier lifetime 0

[V. Eremin, RD50 SWG meeting, March 2013]

Can trapping be explained in the frame of 2-DL model?
Q Estimations:

0.005 0.01 0.015 0.02 0.025 0.03
X (cm)
[E. Verbitskaya, RD50 SWG meeting, March 2013]

= B =5e-7slcm? and fluence ® = 1e14 cm? — trapping time t = 20 ns

= trapping cross-section o = 1e-14 cm?
= thermal velocity V,, = 2e7 cm/s
— N, = 1/[oV,1] = 2.5e14 cm™ or intro rate n(N,) = 2.5
= From PTI bulk generated current parameterization:
o n(DA)=1.6
o n(DD)=0.8

n(Ny, n(DA) & n(DD) have
equal range

— 2-DL model has a chance
to be extended to CCE(®)
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RDS0 Defect simulations: TCAD @

O Why Technology Computer-Aided Design (TCAD) simulations:
= E-fields not possible to measure directly — predict E-fields & trapping in irradiated sensors
= Verify measurements — Find physics behind ‘weird’ results
= Predictions for novel structures & conditions — device structure optimization in 2D/3D
O Applied frameworks: Synopsys Sentaurus & Silvaco ATLAS TCAD tools
O Working with ‘effective levels’ for simulation of irradiated devices
o Bulk damage: approximated by 2 deep levels from PTI model
o Surface damage: Fixed charge density Q; placed at SiO./Si interface w/ interface traps N;
of varying depth distributions
o Defect concentrations & cross sections tuned to match experimental data

Measured defects E) TCAD input
Gt —  WCondicionBandy

E30(0/+)
VO[-I0)
CiCs(40) \_ PO) BD(0/++)

U.L :| e

EZ05a(-/0)

[— E4(=-)

V(=0)  — L(0) — E5(-0) Deep Acceptor (=/0)
m— = Donor: E=E,, + 0.48eV
H152(~0)
Sy Acc. E=E.— 05256V

GO0+ ) e _  HH18(0) Deep Donor (0/+)

H140{=/0)

Bi(=/0)

mm

[M. Moll, VERTEX 2013]
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Simulated defects:
Bulk damage

T. Peltola, VERTEX 2015, June 4th - Simulation of radiation-induced defects



RDS0
|

U Parametrization of current generated by cross
sections of each defect at a defined

concentration:

T~

= 1st constraint given by V;; — set a ratio of donors
to acceptors to match — tune the current again
— repeat until match with measured CV, IV —
Result: Trap concentration(Ci.s;, Oesy @) fOr given

® — ¢(D) by linear fit

Sentaurus TCAD: Bulk defect models

Generated Current of Defects

&)

Te-12 4
|| == gt oren Current
%19_13-: 5 Sler Accepton — ::7'\ essentially
R e from o of one
Bre14 ’/’7/ charge
: . carrier type
o

1e—15—_/ .
i Creg = CONStaNt

[R. Eber, 8" Detector

1e-16 - - —  Workshop, Berlin, 2015]
Comparison of Simulated and Measured CV fe1s 19'2155 cection (c:ni;”’ fetz
FZ320N Diodes, T= -20°C, f=1kHz
1.4e+22 800
] 2001 FZ320N Neutrons |
1.2e+22 ¢ . .
1e+22 ] % 600 '
T . &'500 Vfd (¢) /”/ +
= : S ] gl
'Z ﬁw & lel4 Measured g 400 E T 7 Prot ons
py = lel4 Simulated S 3003 |l !
i a  3el4 Measured = E <
gl 3el4 Simulated || o 200 A= | n-irrad. e diodes o sensors
g o 1lel5 Measured e ] - — n Simulation
CV 1e15 Simulated 100 7 V p-rrad. ® diodes © sensors
1 ———- p Simulation
T 1 T T R L B e e e e e e e ———
400 600 800 1000 0 2e+14  4de+14 6e+14  Be+14  1e+15 1.2e+15
Voltage (V) Fluence (neg/cm?)
Proton model Neutron model
Type of Level o, o}, Concentration Type of Level o, o}, Concentration
defect [eV] [cm?] [cm?] [cm-3] defect [eV] [cm?] [cm?] [cm9]
Deep acc. E. - 0.525 le-14 le-14 | 1.189*® + 6.454e13 Deep acceptor | E~ -0.525 | 1.2e-14 | 1.2e-14 1.55*®
Deep donor E, + 0.48 le-14 le-14 5.598*® - 3.959e14 Deep donor E, +0.48 | 1.2e-14 | 1.2e-14 1.395*®
[R. Eber, PhD Thesis, KIT, 2013]

Q Sentaurus defect models for @, =1e14 ~ 1.4el5cm?2 @ T=253 K
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RD50 Proton model: From TCT to E-field @

1e+05 ; 1e+05 - ;
] — 100V fiald- 1 | — 100V fiald-
1 | — 6oov 1lel4 n,cm- —— 600V leldng,cm-
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> ] 2
w 4e+04 - : - w 4e+04
:r_____//——-"w ]
20404 - e — 2e+04
| - | —
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U Double peak E-field simulated by matching TCT pulses (DP & LC: back-up 4)
Q Carrier drift in double peak E-field produces DP in TCT
U Matching TCT signals w/ measured: basic requirement for reliable CCE simulations

TCT Signal
0.5 F=1el5necm2, T= -20°C, V=400V
T M —— 1000V - 1000 0.012 :
—— 900V i . . v ]
easurement — & | 0.01 Simulation |—* o] , TCT —
3 lel4 n_,cm— — soov ] 2 M 00081
203 € | —— 500V — 3 ]
_,‘EO q 200V | ' 1e ].4 neqcm 700V 5 ] le15 n Cm-2
g 300V . —gooy| g 0-006 ] €q
1 ! 200V - S 1 —
,‘%’0.2 T(:T Toov 2005 | T(:T 500V .;!1’0.004,: V—4OC V
014 ! = i s 400V 0.002 /\
] 3 g II 300V OEJ \\’A‘\
e e e e e e e o t_uo_' L B s e 200v
0 5 10 15 20 € 0 50-09 1e-08 1.5e-08 2e-08
Time (ns) }%ﬂ 0 Time (ns} 10 20 Time (s)
[R.Eber, 22" RD50 Workshop, June 2013]
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‘ RD30 Proton model: Trapping time @

Electrons in the device: Number of Electrons vs. Time [R.Eber, 22" RD50 Workshop, June 2013]
O Integration of electron density — 2¢+13 T Number of Electrons vs. Time
at each t — total # of electrons ., ] = R 1 ?

] L 51.5e+13_ vy iggx 18e+13 4 | | e 100V
Q Simple approach: fitlinear £ | A . s soov || g \ : ZE(SJEV
. . . < 1 avt . ] = A1
decay with trapping time t & tesi3fp . oov || 8., ™ | |
E 5e+12 ] 4, v soov || 3 1 .
-2\ ~ z ] vim 4 1000V E ] o,
O Meant(lel4d cm?)=28.5ns = | 2 s ] , ™ |
5 0l Sams s mmssmnEERE .. | 3 Integr. || '\\
] = — .
i t— tO B 1204134 R?”Qe -
Neg = Ngo X exp(— —) 0 5e-09 1e-08 1.5e-08 2e-08 0 26-09  4e-09  6e-09 B8e-09  1e-08
T Time (s) Time (s)
G Slope =0, correct 1! intearated Sianal
Measured and corrected TCT Signal e 11 ~——_ ntegrated sigha
Q Signal corrected by 0.03 ; e
trapping time ~ ————— o025+ g | oy e e 7em11 ——t— st
1 \ — 300V —— ]
0.02 | —— 600V ——— ‘;68-11 1
= ] ——1000V —-- o ]
5,0.015 , > 2 50-11 7
[z oo 1 5 ] Signal not fully simulated
Vg Y de-11 f
] ] e As meausred
. i 0.005 b _f m  Corrected
O t=28.5nsisinthe ' . \ U = s 3e-117
r'angealsofoundinthe A I R N 7JAUPY AN S S S S—
||terature: 0 5e-09 1e.—08 1.5e-08 2e-08 0 200 400 600 800 1000
Time (s) Voltage (V)

(t~25ns @ 1el4 n,,cm2 e.g. by G.Kramberger et al., NIMA 476, 645 and NIMA 481, 297)
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RDS0  Edge-TCT: Neutron irradiated strip detector @
|

[G. Kramberger et al. IEEE Trans. Nucl. Sci. 57 (2010) 2294-2302]

°r Simulated Q(depth)

-
[ e A A A 4 —e—-100V| g
[ /“ -~ A~4 | -m—a00v| §
sp 69% \\ —A—700V| g
/
- AA A
L \A
6 |- -f.’._.\.\. \\
g i l/ A-A
S LI 36% Na

)] A
L]
L \ \.\l"./.\
O — o °o—0— f
oL®% . ., ... .,y N N T T T T
50 100 150 200 250 300 0 50 100 150 200 250 300
y (depth) [um] y (depth) [um]
x=0: .
N E‘:‘% ;;gm center | 300P strip sensor, CDeq(n);5e14 cm2, QF=1lell cm??,
wovix-2um| | Of Strip Wps=20 Pm, Wi, =20 pm, pitch=80 um
TOOV:.X;ZOum
Hoes0 U Experimental goal: extract E-field from drift velocity using
5 edge-TCT
- U Measured amplitudes reproduced by simulation (see back-
106403 up 5 for method)
U Simulated depletion depth ~10-30 um deeper at lower V —
P accuracy increases with voltage
LOw 2 T T B i O Simulation gives reliable estimation of E(depth)
y (depth) [um]
[T. Peltola, 23" RD50 Workshop, 2013] 15

T. Peltola, VERTEX 2015, June 4th - Simulation of radiation-induced defects



RDS50

Simulated n-on-p strip detector front surface (not to scale)

U Simulated CCE: close agreement with measurement
U Problem: need to use low Q; values @ high ® to
preserve strip isolation in n-on-p sensors

Q Simulated CCE has dependence on Q;:
= Too low Q; for high @ — too high CCE due to charge

multiplication

» Too high Q; — no strip isolation & undepleted region
extends from front surface & negative component of Q.

increases — too low CCE

— Q; can be applied as further tuning parameter for

CCE (find ‘correct’ Qy)

CCE & Trapping | @

Al

CCE(®D): 320P,
p=80 um, w=18 ym

max. Q;=7ell cm

proton model
------ neutron model
® proton measurement

B neutron measurement [R. Eber, 2014]

0.0 50x10"  1.0x10”  1.5x10"”  2.0x10"
Fluence (n_/cm?)

. O

1.0
- ®- neutron model: ®=1e15 cm™
097 o —m— proton model: ®=1.5¢15 cm™
o- NS
N = ~
0.7 - T
1 N
0.6 ‘ N
4 \.
w L —
O 0.5 el T a -
© ] T --e
04 >
03
02
011  CCE(Qy) , .
] [T. Peltola, PSD10, 2014]
0.0 T T T T T T T T T T T T M
0.0 20x10"  4.0x10" 6.0x10""  8.0x10" 1.0x10” 1.2x107
Q, [cm?]
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RD30 CCE & Trapping |l

U Same set of data used to simulate CCE measurements
taken in a CMS test beam with strip sensors

o

» E.g. FZ320P = 320 pum thick n-on-p
float zone silicon sensor

L CCE simulations using 2 trap model +
tuned Q;

Fluence | Qg(neutron) | Q«proton)
[cm~?] [cm~2] [cm~?]
leld 6e10 1.4ell
3el4d - 3ell
4eld 9el10 -
8el4d 3.25el1 7.1ell
m 1.3e15 6ell -
(@] 1.4e15 - 1.2e12
®)

—A—320P, protenmodel B

044 X 8.0
—4~200P, proton model n/p=0.63 U Test beam measured CCE of FZ320P
200P, SiBT data i
' - and MCz/FZ200P samples is reproduced
02 X FZ320P, SiBT data } Measured mixed
24 N | |
3207, neutron mode! 0 Fixed Q; values used to predict CCE
---0--- 200P, neutron model
: 5 of non-measured detectors w/ equal
0.0 . ; . ; . , irradiation type/dose to measured
0.0 5.0x10™ 1.0x10" 1.5x10°  detectors

Fluence (1 MeV neq) [cm"2]
[T.Peltola, PSD10, Sept. 2014]
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Simulated defects:
...and surface damage
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RDS0  Silvaco TCAD: Bulk & surface damage @

O Delhi Univ. defect model for Silvaco ATLAS

Bulk damage model (for proton irradiation)
-Produce experimentally measured currents
for irradiated diodes

- Correct full depletion voltages (say, ~500V
for 1e15neq/cm? fluence of proton
irradiation)

- Produces electric fields from both sides

[R. Dalal, 25t RD50 Workshop, 2014]

4.0x10"
LC(®P) in 1x1x300 pm?3
.{ diode @ T=253K
3.0x10"° 1
<
5 2.0x10"3—_
@
g
=
3 -13 |
1.0x10°" 1 —u— Expected
1 Simulated
0.0 1 N —
0.0 5.0x10" 1.0x10"

Fluence (a’cm2)

[1] J. Zhang, DESY Thesis-2013, “X-ray radiation damage studies and
design of a Si Pixel sensor for different fluences for science at the XFEL”

Type of Level o, g, Introduction rate
Bulk: defect [eV] [cm?] | [cm?] [cm]
Acceptor E- -0.51 | 2e-14 | 2.6e-14 4
Donor E,+0.48 [ 2e-14| 2e-14 3
Estimation for N;; implementation: N;, = Q; [1]
Surface:| Interface trap Level [eV] | 0., [cm?] | Density (N;) [cm]
Deep Acceptor E. - 0.60 le-15 0.6-Q;
Shallow Acceptor | E.~-0.39 le-15 0.4-Q;
1012 - _I_I_
im \V
= Measured Rint (Qhm/cm)
10" Simulated Rint (Ohmcm)
€«
Bulk £ 10"
E
Q . .
= 10°4
@ | _
Surface B _ _ Measured:
10°4 Interstrip resistance of [A. Dierlamm,
i : : VERTEX
irradiated strip detectors
10? T v v v T T T v v d d T T 2012]
0.0 5.0x10" 1.0x10"

Fluence (neafcm’)

Q0 Close agreement for measured & simulated R,

T. Peltola, VERTEX 2015, June 4th - Simulation of radiation-induced defects

O Errors: Measured R, variations in different samples &
simulated R;,; (assuming different Q;)
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O, =1lel5cm?, Q;=N;=1.2e12 cm? @ V=500 V

RD50 DU model: Peak E-fields in p-on-n & n-on-p sensors @

T. Peltola, VERTEX 2015, June 4th - Simulation of radiation-induced defects

2.80+05 — E field along the surface 24e+05 . T'el(dl a4|0ng EhT su)rTace
m . 4 um below
246405 — (0.1 um below) S
2e+05 — pP-on-n N p-on-n
- _ ~1.6e+05 ]
B N g 7
=1.6e+05 —] S ]
% : %1.29+05 —
&1 .204+05 — & :
[Ea — =
] 8e+04 —]
8e+04 — n-on-p .
n f M \ de+04 —
de+04 —] ]
] ¢ ]
0_IIl!i\IIIIIIIIIIIIII|III|\II§|;I|| 0 L DR L I L L B R B N L B R
0 10 Dizs?:ance sa(c)mss t%l?s Stri]JSSO{MiCI"t?I?S) 70 80 0 10 Di25?:ance :;gross t4h?3 strip?sO(MicrgI?s) 70 80
0 Peak E-fields in Silvaco: significantly lower for n-on-p sensor for
given voltage
» Micro-discharges much more probable in p-in-n sensors
= Q:& N, are used (in equal amounts) for the surface damage
[R. Dalal, 251" RD50 Workshop, 2014]
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Cluster CCE

Strips isolated: Cluster
CCE decreases towards
midgap

Strips shorted: Cluster
CCE independent of
position

RDS0
\

0.60

0.55 1
0.50 -

0.45 -

| | —a—15e12cm? |
0.40 -

| —0—2e12 cm”

0.35

' ' . ' I ' | ' | ' |
~ Principle of CCE(x) simulation for
glven c(shallow acc. ) & voltage

| —e—1.2e120m? |

—v—1.6e12cm
| —%—1.7e12 cm

—1 5e15 cm-2

50 60

\[um]

Oum 60 um= mldgap

center
strip

@
MIP
positions

[T. Peltola, JINST 9 (2014) C12010 & T. Peltola et al., JINST 10 (2015) C04025]
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Sentaurus: CCE(X)

X

O Heavily irradiated strip detectors demonstrate
significant position dependency of CCE

16%
17%
20%

29%
32%

U Sentaurus non-uniform 3-level model:

| ,CCEloss N, cannot be used: measured C;,, not

reproduced (see back-up 6-7) — need deeper

distribution

— 3-level model within 2 ym of device

surface + proton model in bulk:

o Ry;&C,,inline w/ measured also at high
® & Q; (see back-up 8)

o Tunable to bulk properties (TCT, V;4 & LC)
of proton model — suitable tool to study
CCE(x)

CCE loss between strips

I
| |
‘ —»-CCE loss

N

35

11-___‘_‘__‘

w
o

Cluster CCE loss [%]
[\%]
wu

|
1
I
I
1
1
I n\l I'lf\
|
1
I
1
|
1

|
|
1
Negative ' i
! charge
space ' :
20 ! density
charge ' :
. . dominates
dominates ! M— ‘
15 t
1.2 13 1.4 1.5 16 1.7 1.8 1.9 2

Qf-1e12 [cm-2]
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RDS0 Measured & simulated CCE(x) @

Test beam measurement: O Traps remove both interface & signal O Higher Q; — more traps filled
= Strips isolated electrons: better radiation induced — charge sharing between
» CCE loss between strips ~30% strip isolation — higher CCE loss strips increases — CCE loss
T4 L between strips decreases
= F = 2
gZZ:— q)eq—l4e15 Cm 50 \-
“20=MCz 200P, p=120 ym, w=28 p s N\ CCE(x): Simulated vs measured
- Center of strip 20 \\\\ PD.,=1.4e15 cm2
E =35
E _BS' L""--l-_'
— § 30 e "-_-""'—qr-:_:.-: ------------- -
::> eI N R R R N~
QU
%% = Q=(1.6£0.2)x1012 cm2 N\
O 15
---Measurement: 30+-2% \ \..__
7’
u ) A 10 = —=—CCE loss(Qf) 5 strips, 273 K
S~ Midga _ 5 . .
gap 5 }CCE Ioss}(Qf}S st:rlps, 253}|< See back-up
HII‘HIIlH\IlIIHlIII\|IIII|IIII|I\II|II\I|IIH 0 ‘ I ‘ ‘ 9—10
0 —0
0 01 02 03 04 05 06 07 0.8 09 1 9.0E+11 1.1E+12 1.3E+12 1.5E+12 1.7E+12 1.9E+12 2.1E+12 2.3E+12
[T. M&enpéaa, Hit position in unit cell [strips] f 2
PoS(RD13)015, 2013] af fem-2] 0
a Int tation: Irradiati q Preliminary parametrization for @ = 3e14 — 1.4e15 cm™
nterpretation: Irradiation produces non- Type of TS 0 o T
uniform distribution of shallow traps close to defect [eV] [cm? | [cm?] [cm3
surface — greater drift distance, higher Deep acceptor | E; -0.525 | le-14 |le-14[ 1.189*® +6.454el13
t i f carriers Deep donor E,+0.48 le-14 [le-14| 5.598*® - 3.959e14
rapping o Shallow acceptor E. - 0.40 8e-15 |2e-14| 14.417*® + 3.168e16

[T. Peltola, JINST 9 (2014) C12010]
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RDS0  Summary: Defect simulations in RD50 @

Motivation: Simulations are essential in e.g. device structure optimization & predicting E-fields and trapping
Objective: Develop an approach to model & predict the performance of irradiated silicon detectors (diode,
strip, pixel, 3D) using professional software (Sentaurus, Silvaco)

°

Measured defects: Initial input to the simulations

°

Simulation of radiation damage in Si bulk: Based on effective midgap levels (DA & DD levels w/ energies
E.-(0.525+0.025) eV and E,, + 0.48 eV). Model 1st proposed in 2001 — entitled later as ‘PTI model’

:

Main idea: Two peaks in the E(z) profile of both proton & neutron irradiated detectors explained via
interaction of the carriers from bulk generated current w/ electron traps & simultaneously w/ hole traps

°

1st successful quantitative models: Proton & neutron models, for simulation of LC, V;y & CCE were built
on PTI model’s two deep levels

d

Recent implementations: Additional traps at SiO, /Si interface or close to it — scope of simulations
expanded to include R, C,, & CCE(x) of strip sensors irradiated up to ~1.5x10*> n,,cm-2

nts int
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RDS50 Work in progress/future efforts |I@;m|

U Comparison of simulated E(x) w/ results of edge-TCT
= Measured edge-TCT data for:
o Modeling tools calibration (non-irradiated detectors)
o Models development/proofs (® & V dependences for irradiated
detectors)
0 CCE(®) modeling up to 2e16 n,,cm for pixel & 3D detectors

O The new subject - ‘Interstrip resistance radiation hardness’

http://www.cern.ch/rd50

[V. Eremin, 25! RD50 Workshop, 2014]
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RD50 Back-up 1: Defect model overview @

(N W W

(]

U

U

Bulk damage
V. Chiochia et al., [IEEE Trans. Nucl. Sci. NS-52 (2005) 1067]: 2 levels
M. Petasecca et al. [NIM A 563 (2006) 192—-195]: 3 levels
Pennicard et al. [NIM A 592 (2008) 16-25]: 3 levels, increased capture cross-sections o, o,

E. Verbitskaya et al. [JINST 7 C02061, 2012; and NIM A 658 (2011)]: 2 levels, avalanche multiplication,
1D (“analytical”) approach

R. Eber [PhD Thesis, 2013]: 2 levels

Surface damage
G. Verzellesi, G. F. Dalla Betta [Nucl. Sci. Symp., 2000 IEEE (Vol.-1)]
P. Claudio [IEEE Trans. ON Nucl. Sci., VOL. 53, NO. 3 (2006)]
Y Unno et al., [NIM A 636 (2011) S118-S124]

Bulk & surface damage
T. Peltola, [JINST 9 C12010, 2014]: 2 levels, +1 level in 2um at surface
Delhi University [R. Dalal et al., Vertex - 2014, 23rd RD50 CERN, Nov. 2013]: 2 levels + Q¢ + N;
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Back-up 2: Electrical properties of point &
RDS0 .
extended defects relevant to detector operation i

Defect Assignment and particularities Configurations Energy levels (eV) & Impact on electrical
Label and charge states cross sections (cm?) characteristics of Si diodes @ RT
E(30K) < Notidentified extended defect E(30K)%%* E.0.1 Contributes in full concentration with

» Donor with energy level in the upper part of the bandgap, o, = 2.3x1014 positive space charge to Ny

strongly generated by irradiation with charged particles. 102°
+ Linear fluence dependence. this work

BD Thermal double donor (TDD2) - point defect BD,+* E.-0.225 It contributes twice with its full
» Bistable donor existing in two configurations (A and B) with 0,=2.3x 1014 concentration with positive space
energy levels in the upper part of the bandgap, strongly BDg*"+* E; - 0.15 charge to N , in both of the
generated in Oxygen rich material. 24 26,27 0,=2.7 x 1012 configurations
|8 » Not identified point defect 1,7 E, +0.23 No impact
« Suggestions: V,0 or a Carbon related center. 22-24.10 0,=(0.5-9) x10-%%
* Amphoteric defect generated via a second order process 1,0 Ec - 0.545 Contributes to both N4 and LC
(quadratic fluence dependence), strongly generated in Oxygen 0,=1.7 x10-%%
lean material.?2-24, this work 0,=9 x 10
E-c Tri-vacancy (V3) - small cluster FFC E.- 0.075eV No impact
 Bistable defect existing in two configurations (FFC and PHR) with V;7° o, = 3.7x101°
E4 acceptor energy levels in the upper part of the bandgap. 10 28.30-  PHR E.- 0.359 No impact
33 VAL o, = 2.15x10°15
E5 + Linear fluence dependence. this work PHR E.- 0.458 Contributes to LC
V, 70 o, = 2.4x1015
G, = 2.15x10'13
H(116K) <+ Notidentified extended defect H(116K)%" Ey +0.33 Contributes in full concentration with
« Acceptor with energy level in the lower part of the bandgap. 10 2° 0,=4 x 101 negative space charge to N4
 Linear fluence dependence. this work
H(140K) < Not identified extended defect H(140K)%" Ey +0.36 Contributes in full concentration with
» Acceptor with energy level in the lower part of the bandgap. 10 2° 0,=2.5x 101® negative space charge to N4
 Linear fluence dependence. this work
H(152K) <+ Notidentified extended defect H(152K)%" Ey +0.42 Contributes in full concentration with
» Acceptor with energy level in the lower part of the bandgap. 10 2° 0,=2.3x 1014 negative space charge to N
 Linear fluence dependence. this work
O Consistent set of defects observed after p, «, n, y and e irradiation [R.Radu etal., J. Appl. Phys. 117, 164503, 2015]
26
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RD3S0  Back-up 3: Defect Characterization Overview @

Pintilie et al, NIM A 514, 18 (2003) & NIM A 556, (1), 197 (2006);
E. Fretwurst et al, NIM A 583, 58 (2007)

Phosphorus: shallow dopant
(positive charge)

positive charge

(higher introduction after
proton than after neutron
irradiation, oxygen
depe?denn

positive charge
(higher introduction after
proton irradiation than after
neutron irradiation)

R. M. Fleming, et al Appl. Phys. Lett.
90, 172105 (2007);

V. P. Markevich, et al Phys. Rev. B
80, 235207 (2009);

I. Pintilie et al, Appl.Phys. Lett. 82,
2169 (2003)

A. Junkes et al, Nucl. Instr. and
Meth. A 525, 612 (2010)

A

E205a(-/0)

Leakage
current

Boron: shallow
dopant

— — E4(=/-)
Vy(-/0) ] ) :
leakage current 1:/0) m— E5(-10, E4/E5: V,EH), V(10
& neg.charge | | — ~— H152(-/0)
current after yirrad, CiOI(0/+ ) - . Reverse
V50 (?) H140(-/0) < I
H116(-/0) annealing

(negative charge)

[M. Moll, VERTEX 2013]

(negative charge)

I. Pintilie et al, Appl. Phys. Lett. 92,
024101 (2008)

A table with levels and cross sections is

Q Trapping: Indications that E205a and H152K (midgap levels) are important
QO Consistent set of defects observed after p, w, n, y and e irradiation
0 Understanding of defect properties/macroscopic effects is essential for the implementation of defect simulation

given in the Annex (spare slides).
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‘ RDS0 Back-up 4: DP & LC of Sentaurus defect models @

0 300 um thick p-on-n pad detector @ T=253 K
NEUTRON MODEL (NM)

O Fluences:
® = 1e13 - 5el14 n,, cm?

O DP is produced by both
models (more pronounced
in PM due to higher trap
concentration for given @)

E [Viem]

+04 [
4.0x10 l—F=1e13cm-2
{|——F=1el4 cm-2
3 Oxl()*"“;‘ A
_ {|— F=5e14 cm-2
 E-field @ V=300V
2.0x10*04 @

1004 :

0 100

E [V/cm]

Ax10*04T;

3x10*04H

2x10*04

10%0¢

PROTON MODEL (PM)

—— F=1e13 cm-2
— F=1el4 cm-2
—— F=3el4 cm-2
F=5e14 cm-2

E-field @ V=300V

200 300 0 160 260 3(IJO
Depth [um] Depth [um]
. le-11 1e-11E
O Dashed black lines: |
experimental LC by
Al = Volume-a-® _ e = O
’ =< g .
a(253K)=8.9-10 A-cmt % r/f
§ 1e—13/ § 1‘3'13(
EI_ LC has_ perfect match : L e %’ el oma]—
with experimental values = | e 3ol — F-le14 om-2
NM: — F=3e14 cm-2 PM: — F=3el4 cm-2
—— F=5e14 cm-2 —— F=5el4 cm-2
Leakage current Leakage current
18_150 200 460 660 860 1000 18-150 260 400 6(IJD 860 1600
Voltage [V] Voltage [V]
28

T. Peltola, VERTEX 2015, June 4th - Simulation of radiation-induced defects



RDS0Back-up 5: Method for simulated edge-TCT @

U Goal: extract electric field E from drift velocity v, using eTCT
U eTCT provides measurement of collection time t, that is
proportional to the v 12

I |

E E—E—E—n —m

Q vy is related to the E — possible to determine E out of drift : \:
: . —m—400 V .
velocity? 10 | g —m— 100V !
Principal of edge-TCT simulation: | / S =50V \

- \ —=—-30V |

ﬁ 8

Depth=10 pm Depth=100 pm

MIP
direction

Depth=250 pm 24

Charge [pC]
/
/

0 50 | 1(I)O | 15IO | 2(I)0 | ZéO | 3(I)0 350
z [um]

O Synopsys Sentaurus simulated edge-TCT collected charges Q(z) at voltages both below and

above V, for a non-irradiated 320N strip detector at T = 293 K.

O Dashed vertical lines: active region of the detector, defined from the center of the rising and
descending slopes of the Q(z) distribution. The different electric field extensions into the bulk from the
pn-junction at the front surface (front: z=0, backplane: z=320 um) are clearly reflected by Q(z)

O Differences in Q(z) amplitude: Reproduced by using laterally extended device structure — extension
of E-field to the detector edges is taken into account
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RD5(0 Back-up 6: Ciy: Niy vs non-unif. 3-level model @
®.,=1.4e15 cm=

U Device structure corresponding to previous slide

U Dashed lines: Q; values where CCE loss between strips matches measurement

U 3-level model @ 2 pm from surface:

= Geometrical value ~1.8 pF/cm reached within 0-400 V when CCE loss matches measurement
U Interface traps:

= Geometrical value reached within 180 V -1 kV when CCE loss matches measurement

= Over O(1) higher initial values at high Qs

9

QO Measurement: C,, ~1.8 pF/cm reached at 0 V

—Qf=9e1l cm-2 —— Qf=1.2e12 cm-2
——Qf=1.2e12 cm-2 1e-10 ——Qf=1.42e12 cm-2
1le-10; + ——Qt=1.42e12 cm-2 -107- — Qf=1.8e12 cm-2 +
Proton model Sl stz s __Otioeizemz | Proton model
interface traps, —— Qf=1.9¢12 cm-2 —81;2\912 cm-2 3-level model @ 2 ym
- _ —— Qf=2el2 cm-2 —Qf=2.4e12 cm-2
N; =1.4e12 cm2 —Qi=2.1e12 cm-2

Cint [F/lem]

I R N S, b -124
0 -200 -400

Voltage [V]

Voltage [V]
Higher Q; — higher V needed to reach geometrical C,
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RD50 Back-up 7: iy Niy vs non-unif. 3-level model @ @
®,,=3el4 cm=

U Device structure corresponding to previous slide

A 3-level model @ 2 ym from surface:

» Geometrical value ~1.8 pF/cm reached at 0 V when CCE loss matches measurement

d Interface traps:

» Geometrical value reached at low V up to Q; =1e12 cm (no match with measured CCE loss)
d Measurement: C,; ~1.8 pF/cm reached at 0 V

—— Qf=6.8ell cm-2
—— Qf=9ell cm-2
ST T | E———— S 1e-10—0f=1.1e12 cm-2
—Qf=5ell cm-2
Proton model + —gfffggeﬁ cm—g_ Proton model +
- —U1=o.be cm-
interface traps, Qf=6.5e11 cm-2 3-level model @ 2 pm
_ = -2 —Qf=7ell cm-2 .
£ N =1e12 cm Qf=7.5e1l cm-2 g
i —Qf=8ell cm-2 g
- —Qf=9e11 cm-2 €
5 le-ll ——Qf=1e12 cm-2 5 le-1lt
—0Qf=1.3e12 cm-2
| Qf=2e12 cm-2
le-12+ | [ | ] I le-12+ v e e e e
0 -200 -400 -600 -800  -1000 0 -200 -400 -600 -800 -1000
Voltage [V] Voltage [V]

|:> Conclusion from slides 7-10: Deeper distribution of shallow acceptors reproduces
measured CCE loss between strips & C, . more closely

int
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RD50 Back-up 8: Non-unif. 3-level model R, & C;, 2\

O Non-unif. 3-level model can be tuned to equal bulk properties

le+19! : -
(TCT, Vig & lie5) With proton model — suitable tool to investigate | + st -
CCE(x) . . ) le+17| Double p-stop
Q 3-level model within 2 um of device surface + proton model in the i \y el V
bulk: R,; & C;; in line with measurement also at high fluence & Q; 7o |
5 1ensy } Cut @ 50 nm
2 below oxide
@ 1
3-level model within 2 pm of device surface 3 tena)
Type of Level O, (o8 Concentration g | \
defect [eV] [cm?] | [cm?] [cm3] ? 1e+n} l
Deep acc. E- -0.525 | le-14 |le-14| 1.189*® + 6.454e13 1
Deep donor E, + 0.48 le-14 | le-14| 5.598*® - 3.959e14 ) 09? Q;=1.2e12 cm j *.
Shallow acc. | E. -0.40 | 8e-15 | 2e-14 40*0 U v=-1kv ®,, = 1.5e15 cm2
. . . o /15.5""""14a"""'1éo' """" wo 200 wo 240
U Effect of acceptor traps in non-unif. 3-I. model is clearly visible: x [um]
O(5) lower electron density to proton model between strips 200P, Np=5e15 cm-3 @ T=253 K, Qf=5e11 cm-2
. . . 1.0e+11
Q Strips are isolated at V=0 for ®,,=5e14 cm as in real detectors ——oum, 3-level: F=1e14 cm-2
10e+10{~——2um, 3-level: F=5e14 cm-2 Interstrip resistance
——proton model ——proton model: F:lel4 cm-2
——non-unif. 3-level model 1.0e+09} Z==Proton model: F=5e14 cm-2

ao,=15el5cm? &
Q;=1.2e12 cm: 3e-11
C,; at geometrical level
~2 pF/cm (pitch=80 um)

[
=}
@
+
S,

. . 1.0e+06
Interstrip capacitance

7
B
Rint [Ohm]

,
1.0e+05

Cint [F/cm]

1.0e+04

1T 1.0e+03
% 1.0e+02
1.0e+014. - | - } " Foe | - Foe o "
0 -100 -200 -300 -400 -500 -600 -700 -800
0 -200 -400 -600 -800 -1000 Voltage [V]
Voltage [V]
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RDS0 Back-up 9: Measured & simulated CCE(x) @

0 3-level model within 2 um of device surface + proton model in bulk; Y Observation: Heavily irradiated strip

Rint & Ci: In line with measured also at high fluence & Q; detgc_:torz dem%nstratefsci:gggicant
* Tunable to equal bulk properties (TCT, V;4y & LC) with proton model _ positlon ependency o o
— suitable tool to investigate CCE(x) %z: q)eq=1'4e:|'5 cm-2
@ F MCz 200P, p=120 ym, w=28 ym

[T. Peltola, PSD10, 2014] Simulated CCE(x) compared to measured:
45 Y T 50 +

w0 1 ---Measurement: 26.5+1.1% a5 Y 1 4e15 o, \ Center of Strlp
—=—CCE loss(Qf) 5 strips, 273 K 1.4a€l neqcm (mixed)
40
35 7| ——CCEloss(Qf) 5 strips, 253 K \
= =35
X 30 IS —
o i ____________ 7 '::.-_';'-_"'—‘ﬁr::_;: ---------- -
7T R Suiuiuiuluiuaiuiet fufufeiuiuiepuiupeh gulspuiupuiuiuel f () delp. o =S §30 _________________________________________ -
g / / Y g 25 DN
s} ]
© 20 e
8 —id 820 Measured: FZ/MCz 200P/Y N\
O O 15
/ al1A n m-2 (A ---Measurement: 30+-2% \. ——a
10 ST gttt \MPT) 10 o .
—=—CCE loss(Qf) 5 strips, 273 K
5 T S S N .
/ Measured: FZ200P/Y, MCz200P 3 | =—CCEloss(Qf) 5 strips, 253 K
0 0 ] i ]

Center of pitch

1.0E+11 3.0E+11 5.0E+11 7.0E+11 9.0E+11 1.1E+12 9.0E+11 1.1é+12 1.3EI+12 1.5é+12 1.7é+12 1.9E+12 2.1E+12 2.3E+12
Qffem-2] Qffem-2] [T. Méenpaa, 2013]
0I\II‘\IH'II\I'\HI‘III\IH\\III‘\IH‘IIIIHI\ 70
\ Q=(8.5+1.0)x10* cm- Q=(1.610.2)x10%2 cm-2 } 0 01 02 03 04 05 06 07 08 09 1
- S ~ Hit position in unit cell [strips]
_ o Y Test beam: strip isolation ok,
O Interpretation: Irradiation g CCE loss between strips ~30%

produces non-uniform distribution Preliminary parametrization for ® = 3e14 — 1.4e15 cm™

of shallow acceptor traps close to :

detect f ter drift Type of Level o, o, Concentration

-e ector Su_l‘ ace — gl’_ea er ari defect [eV] [sz] [sz] [cm'3]

distance, higher trapping of charge Deep acceptor | E. -0.525 | le-14 |le-14| 1.189*® + 6.454e13

carriers Deep donor E, +0.48 le-14 | le-14| 5.598*® - 3.959¢e14
Shallow acceptor E. -0.40 8e-15 | 2e-14| 14.417*® + 3.168e16
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RD5S0Back-up 10: SiBT measured CCE(x) between strips

FTH200N_W24_MSSD_2_nonirrad 198.0V RE-p120-wp233 16539 MCZ200N_02_MSSD_2-nonirrad 201.0V R5-p120-wp233 5112

e Signal loss in-between strips (p=120um, w/p~0.23) | =~

N
>

N
N

)
=)
©
c
i=y
@

diated

- 5
S E
* — £
! F
< FTH200N FTH200P FTH200Y - MCz200N 5
OHH‘HH‘HH‘\IH‘HH‘HI\‘HHlHH‘HH‘I\H 0 OHH‘HH‘\HI‘HH‘HH'HH‘HH‘HH‘HI\‘HH 0 0HH‘HH‘H\I‘HH‘I\H‘HH‘HH‘HH‘HH‘HH 0 G:HH‘H\I‘\H\‘I\H‘HH‘\IH‘HH‘\\I\‘HH'HH 0
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Hit position in unit cell [strips] Hit position in unit cell [strips] Hit position in unit cell [strips] Hit position in unit cell [strips]
Median signal 13.54 ke swing 1.17 ke Median signal 14.73 ke swing 1.26 ke Median signal 14.81 ke swing 1.29 ke Median signal 14.66 ke swing 0.84 ke

No loss before irrad.; after irrad. ¥30% loss; all technologies similar [Phase-2 Outer TK Sensors Review]

MCZ200N_04_MSSD_1_p+_8e14_n_5e14 531.0V R5-p120-wp233 15116 MCZ200P_01_MSSD_2_pr+_9e14_n_5e14 -608.0V RE-p120-wp233 5104 MCZ200¥_05_MSSD_1_p+_8e14_n_Se14 -604.0V RE-p120-wp233 5104 F2200N_04_MSSD_2_p+_1¢15_h_5e14 561.0V R5-p120-p233 15170
Entrios 5520 Entries 10493 Entries 10533 Entries 11323
5} | Y || || || N .
2 24 < 24
® ©
c c
i 922 _922
Z w Z :

20

m 18
16

14

12

mi|<ed irradiated 1.5e15n,,/cm?

0I\H‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH 0 0HH‘HH‘H\I‘HH‘IH\‘HI\‘HH'\\H‘\IH‘HH O 0HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HI\‘HH
0 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1 u 0 01 02 03 04 05 06 07 08 09 1 r—
Hit position in unit cell [strips] Hit position in unit cell [strips] Hit position in unit cell [strips] Hit position in unit cell [strips]
Median signal 9.97 ke swing 2.82 ke Median signal 10.17 ke swing 3.41 ke Median signal 10.54 ke swing 3.42 ke Median signal 9.03 ke swing 2.21 ke
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RDS0 Back-up 11: The RD50 Collaboration I@:m

] RD50: 280 Members from 49 Institutes

= 41 European institutes

= 6 North-American institutes
= 1 Middle East institute

= 1 Asian institute

http://www.cern.ch/rd50
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