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Motivation

High energy Si
particles e

\

E, >5 keV

Defect Characterization:

— . E>25¢eV

Vacancy
+
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point defects

Interstitial (V-O, C-0, ..)

point defects and clusters of defects

» |dentify defects responsible for changes of macroscopic sensors properties/ sensor degradation
» Adapt this knowledge to mitigate radiation damage (e.g. defect engineering)
* Deliver input for device simulations to predict detector performance under various conditions

High energy particles leading to radiation
damage: e.g. neutrons, protons, electrons

Acceptor Removal Effect in p-type Si:
* de-activation of B as shallow dopant

.

C
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- Most typical radiation induced reaction:

Conduction Band

Si,+ B, B,

acceptor Bs

C

B+02 BO: | * pwamreemsram X

Conduction Band

+ donor B i Oi

J

\

induce negative space charge

induce positive space charge
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Sample overview

resistivity | Fluence (coll.) | fluence (coll.)

Cle—or [Qcm] [e/cm-2] [neq/cm-2]
* characterization
2 EPI-02-103 10 4.72E+14 3.87E+13 b
efore & after
200 MeV .
4 EPI-06-105 50 8.70E+13 7.14E+12 anneallng
Details on the radiation: (10 min @ 60°C)
A Himmerlich et al. EPI-08-78 250 2.88E+13 2.36E+12
37th RD50 Workshop 2020
EPI-12-69 1000 1.46E+13 1.19E+12

Hardness factor* (200 MeV) k = 0.082

4 | BELARUSIAN Resistivity Fluence Fluence
L B-I%I/%RSITY (@ cm) (efcm?) (neg/cm’)
EPI-02-100 10 5.00E+14 1.90E+13
EPI-02-105 10 5.00E+14 1.90E+13

5.5 MeV
(annealed) EPI-06-88 50 2.00E+14 7.60E+12
EPI-08-88 250 1.00E+14 3.80E+12
EPI-06-97 50 5.00E+13 1.90E+12

Hardness factor*
(5.5 MeV) k=0.038

* |[EEE-TS Nucl. Sci. Vol. 56, No 6, Dec 2009, pp 3229-3235
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r-—-‘— 50 um

2,5mm

Material:

Standard EPI diodes (EPI layer 50 um)

p-type Si pad diodes produced by CiS (Erfurt,
Germany):

area =(2.632 x 2.632) um?

nominal active thickness = 50 um

guard rings

passivation with openings for connection

on back and front side openings for light
injection

Characterization methodes:

CV/IvV

DLTS: Deep Level Transient Spectroscopy
TSC: Thermally Stimulated Current
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DLTS: Deep Level Transient Spectroscopy

(1) Junction under reverse bias @ different temperatures—> defect states unoccupied

(2) Injection pulse (electrical or optical) = injection of minority and/or majority carriers = occupation of defect levels
(3) Junction under reverse bias = charge carriers thermally emitted = change in capacitance

t temperature T
W

g W“—V:r : E ___________________________ _/' high T
eS|y o Defect parameters:
& T = . .
B8l ( N activation energy
| [ R S — capture cross section
sl : d :
ey ! N efect concentrations
S o i flowT
° t, t, time  AC,,=C(t)- C(t)
Moll thesis 1999
. I steady state gencration current
TSC: Thermally Stimulated Current 100} 3
(1) Junction under reverse bias during cooling down of the sample to T, <} injootion emission
- defect states unoccupied = 10 of trapped charge i
(2) Injection pulse (electrical or optical) = injection of minority and/or majority carriers & :
— occupation of defect levels S 1L i
. . . W E E
(3) Junction under reverse bias & Temperature raised & : ;
- monitoring the discharging current due to thermal emission from the defect levels 0 7

50100 150 200
T [ K ] Moll thesis 1999
4
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Results of cv/iv measurements o,
5 [ T T T T T »iO —r T
[ * Qcm 15
electron irradiation (6.5 MeV & 200 MeV) 1056 oo 4 50 Qem
. . N . 5_ m 250 Qcm 71032
l I measurements irra:ﬁated sensors @ -20°C E [ A AN 4 * 10006xm 15 A
—_—e * 14| N
1E15‘ ok —Q @ '2'1055- ! N e T
: 4 —_ Fom_ " =
g * 10 Qcm 2 s S . 4 ,_://‘,{ 5 O
= Z 1013 L o ‘\i\ S—"a' ’-’,’// = %
i 58 4 O e J10'>
= - ’--\\__.__"4/ e B 5
A P decrease of Neff with ol
e T ; ; 510" 5 10" 5 10" 5 10'°
S S increasing fluence o, [cm?]
— * q
— 1E14 4 | B e e e e
= : ; [ « 10 Ocm 15
~ 1 250 Qcm 4 4 50 Qcm
u: - * 7A < 250 Qcm 1103
o 0\@ ] : 1000 em ,;0 ;
Z _ - | E
) “ 2 &
spheres: 200 MeV sensors - 1° %
stars: 5.5 MeV sensors ‘ 3
1E13 41000 Qem d 110" >
2 : e/ 75
C_’o ] 23 GeV protons
- ST
' T g T g T g @ [ecm
0.00E+000 1.00E+013 2.00E+013 3.00E+013 4.00E+013 e [cM"]

ﬂ uence (ne / sz) P. Almeida et al. ,,Characterization of radiation induced acceptor removal in
q boron doped epitaxial silicon pad diodes” (in preparation)

P. Almeida et al. 31th RD50 Workshop 2017
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DLTS (200 MeV electron irrad., before & after annealing 10 min @ 60°C)

maj. carrier
injection:

10 Ocm

030 EPI-02-103 (10 Qcm, 3.87E+13 n, /cm?)

4 UR=-10V
UP=-06V
0254 tp=10ms
tw =200 ms

0.20 4

0.15 4

b1 (pF)

0.10 4

0.05 4

—— not annealed
——annealed | |

50

T T
100 150

temperature (K)

maj. & min. carrier injection:

T
200

T
250

029 EPI-02-103 (10 Qcm, 3.87E+13 n, Jom?) T
0.0 -\
-0.2 1
Iy
Q.
= —— not annealed
5 04
-0.6 4 4
-0.8 1 UR=-10V |
o UP=2V
BiOi tp=10ms
tw =200 ms
-1.0 T T T T T
50 100 150 200 250

temperature (K)

50 QOcm

0.30

0.25 4

0.20 4

T T T T

EPI-06-105 (50 Qcm, 7.14E+12 n, /cm?)

Wi V2(+V3)
tp=10ms
tw =200 ms 4

CiOi
Peak I (120)
1

not annealed
—— annealed

0.5

T T T
50 100 150 200
temperature (K)

0.4
0.3
0.2-
0.1
0.0
-0.1 4
0.2
0.3
0.4
0.5
-0.6
0.7
.0.84

-0.9 H

T T T T

EPI-06-105 (50 Qcm, 7.14E+12 n,/cm?)

CiOi

—— not annealed

—— annealed

—— annealed

(UR=-10V, tp = 10 ms)
(UR=-10V, tp = 1ms)

(UR=-5V,tp=1ms)

upP=2V

tw=200ms ]

e at least 8 defect levels detected

(e.g. 120, V2(+V3), Ci, CiOi, BiOi ...)

T T T
50 100 150 200
temperature (K)

T
250

0.30

250 Ocm

IR

0.25 +

0.20

0.15

0.10

0.05

| EPI-08-78 (250 Qcm, 2.36E+12 n_,/cm?)

3§ " 3%"\/ not annealed
o _'10 = annealed

1 tw=200ms

T T 1
50 100 150 200
temperature (K)

1
250

0.3 1

0.2 1

0.1 4

0.0 A

-0.1 4

EPI-08-78 (250 Qcm, 2.36E+12 n,,/cm?)

1 ur=-10v
UP=2V
tp=0.1ms

tw = 200 ms C|OI

e —— not annealed
Bi0

T T T
50 100 150 200
temperature (K)

Comparable to 5.5. MeV sensors -> see:

Y. Gurimskaya et al. 35th RD50 Workshop 2019

T
250

N/
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1 kQcm

T T T T T

EPI-12-69 (1 kQcm, 1.19E+12 ny /em?)

UR = -6V before annealing|

UP=-06V —— after annealing | |
tp=10ms 1
tw =200 ms 1

T T T T
50 100 150 200 250
temperature (K)

0.30

0.25

0.20 4

0.15

0.10 A

0.05 4

0.00

+0.05 ~

T T T T T

EPI-12-69 (1 kQcm, 1.19E+12 n, /cm?)

UR=-8V —— not annealed| |
UP=2V —— annealed

tp=10ms
tw = 200 ms

T T T T
50 100 150 200 250
temperature (K)
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TSC (before & after annealing 10 min @ 60°C)

10 Ocm

before annealing:

CIS16-EPI-02-50-DS-103_100hmcm: before annealing, Vbias: -75V

BiOi |

Towa K] 3
—200 250 -+350
--50.0

- 45.0 ~60.0

75.0

TSC-signal [pA]

T T T T T [T T T

40 60 80 100 120 140 160 180 200
Temperature [K]

after annealing:

CIS16-EPI-02-50-DS-103_100hmcm: after annealing, Vbias: -75V

BiOi

Tiwa [K]

-200

500
80.0

-45.0
75.0

250 300
=550 —60.0
85.0 900

350
65.0

--40.0
70.0

TSC-signal [pA]

T T T T T T T T T T T T T T

40 60 80 100 120 140 160 180 200
Temperature [K]

38" RD50 Workshop
D50

TSC spectra of 5.5 MeV electron irradiated samples — see: A. Himmerlich et al. 37th RD50 Workshop 2020

CIS16-EPI-06-50-DS-105_500hmcm: before annealing, Vbias: -100V CIS16-EPI-08-50-DS-78_2500hmem: before annealing, Vbias: <100V CIS16-EPI-12-50-DS-69_1kOhmcm: before annealing, Vbias: -100V
45 Ty | 28 05 e ARnan sy
E TueKI i ' vl ] £ ToalK] 1
4F B'O' —200 250 300 --350 --400 1 r —-200 250 300 350 --400 | 04 - SO e 0 CRE e =
35 E_ | | . 450 --500 - 550 600 650 ; 2| 450 --500 -S50 —600 —650 — E - 450 500 - 550 600 650 1
E 700 750 800 850 3 L y ! ; ! ] 4 700 750 800 e~ 1
30 x-def. i il ™M= 1 |3k CiOi ]
E 1 |15 BiOi i0)i — i e~ ]
2F = B ]
15 E E ] 0.1 ]
'E 1| oS & 3
0.5 3 i F 1
0 ddgd | T = |ME ]
S'F Ll - - L P E | | I - £ | I L | | 1
- _0-5 1 1 | - 1 11 L 11 L1 1 __042 1 11 1 11 1 1 11 [V | 11 11 1
20 40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
Temperature [K] Temperature [K] Temperature [K]
CIS16-EPI-06-50-DS-105_500hmcm: after annealing, Vbias: -100V CIS16-EPI-08-50-DS-78_2500hmcm: after annealing, Vbias: -100V CIS16-EPI-12-50-DS-69_1kOhmcm: after annealing, Vbias: -100V
45 1T T T —| 25 1T T T T oOSS———r+——7 1T 7 T ]
Thua [K] ] Toa K] r Tiwea (K] 1
4 —200 250 300 --350 --40.0 B [ =200 250 300 --350 --40.0 ] 04 [ —20 ~250 =—300 --350 --400 &
i 35 450 --500 - 550 —60.0 650 E 2 - - 450 --500 - 550 —60.0 —65.0 - E -~ 450 -°500 - 550 600 650 L. .
: 700 750 800 ] s 700 750 800 850 .~ ] L 08 =8 600 C | O | ]
3 BiOi : ~ CiOi 1103F A 3
1U1 i 15| - N -
25 : : ]
2 ; e ;
13 3 ] ]
! ;
0.5 — 4
F |
0 ¥ -—-————/{ r i ]
05 PRI B I I | g b b by by b b 13 g b e Lo e b e b e e w1
20 40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
Temperature [K] Temperature [K] Temperature [K]
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TSC defect concentrations (200 MeV before & after annealing 10 min @ 60°C) R0k Workshop - (cfen)

\
e A
o before annc.almg ~ DLTS before P o before annealing - DLTS before I O before annealing -~ DLTS before P O before annealing = DLTS before
:~: [ < after annealing  ----- DLTS after ——s0 CiOi CiOi & CiOi :
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concentration (cm™)

concentration (cm™)
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Defect concentrations vs. Neff (200 MeV - before & after annealing 10 min @ 60°C) <R30 \

] Peak | ] vz
—A— ot annealed ~ {74~ ot anneaed to0em 1 * N almost no change after
—Q— annealed —9— annealed 4 .
E13 5 | { ~Esy— T annealing
] 50Qcm Ig ] 50Qcm - o =8 3.87E+13 ne:i/cm’
7.14E+12 neg/cm? St v ]
] 0\109”" 1 é I 7:&12 neg/cn? | ° 10i d f i
] /\; ] £ mm/, ~ 9 . CiOi defect concentration
1E12 | il TS _a y affected by annealing
1 o} ] ” 2.36E+12 neglcm? : :
/z_mwneq,cmz 1 & 4 ST ] (accompagnied with the decrease of
1kQcm
ol ' | o j Ci concentration)
.19E+12 neq/cm? . . . .
1E11 1,-1,9',Ef12neq/cnfz ———rr] ———rrrt 1E11 i 112 ’ . : . C| + O| 9 C|O|
1E13 1E14 1E15 1E13 1E14 1E15
Neff (cm®) Neff (cm™) " e
P T rr—— ——— e ,no“ effect on BiOi
] Cioi . | BiOI ]
1 |[—A— not annealed 1 1 1 s00em // " 387E+13 neg/cm? . .
N tooom | B 2 ] * highest defect concentrations
. [C!] after annealmg 50Qcm 3.87E+13 neglcm? @ 3 ] .
: % [Ci] before annealing o o 5 o K g ] /" 7.14E+12 neglcn? ] Wh en Neff hl gh eSt
| ?Q/ﬁ - (but irradiation fluence also higher)
1 7.14E+12 neglcm? ¥ 1 o 25°Q°m‘,*"
c
1E12 - 1k£2cr/z-365+12 neg/cm? ; g 1E12-: | /2.36E+12 — | | .
e : s ] e Peak | concentration lowered
] 1198412 negem : o ] for 10 Qcm sensors
] Vi —A— not annealed| 1
1 T & 1.19E+12 neg/cm? —@— annealed
1E11 — - ey 1B e T T
1E13 1E14 1E15 1E13 1E14 1E15
Neff (cm) Neff (cm™)
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Defect concentrations vs. fluence (200 MeV & 5.5 MeV)

concentration (cm™)

concentration (cm)

T L

] Peak |
1E13

50
° P 10 1
/ \o

1E12 - = " P ol

] )

] /250

] “‘/ —@— annealed

1 0 @ 5.5 MeV
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1E12 1E13
fluence (neg/cm?)
] 1
] CiOi
! 9

1E13 : 2 J

] 5 = -

/50 10
9 * )
250

1E12 4 /

1 9

o —@— annealed
@ 55MeV
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1E12 1E13

fluence (neg/cm?)

T
1 V2
10
8 —
~ 1E13 4 e L
2 ] | e
e , ;
S o il
c )
.0 50
g = %
S
o 1E124 e
S ] /250
o
1k
A— not annealed
2 @ annealed
2—5.5 MeV
1E11 —
1E12 1E13
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| BiOI 30 _#
>
// Lt
1E13 - A
@ ] //
e . S .
g i o/
c
S ‘ ﬁfj///
o
€ 'y
8 1E12- 250
= ]
o -
U -
] 1k/ @ annealed
1 ‘// —A— not annealed
2 5.5MeV
1E11 " : :
1E12 1E13

fluence (neg/cm?)
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L350 38th RD50 Workshop

\*IRD50

c
\

.?ﬂl

LA

 defect concentrations increase

with increasing fluence
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Introduction rates (200 MeV & 5.5 MeV)

introduction rate (1/cm)

—@— 200 MeV annealed
W 200 MeV not annealed
@ 55MeV
1 E
]
v,
g\)
0.1 - I
-
vV o
o
L | LI | R |
1E13 1E14 1E15
Neff (cm-3)

introduction rate (1/cm)

S

Introduction rates of the defects decrease/saturate with Neff > 1E+14 cm-3

strongest decrease for Peak | (120)

ELR 38" RD50 Worksho
\IRD50 .
| T T ]
14 > 1
: 2 :
Q ®
/Q
¥
3
\
0.1 -
—@— 200 MeV annealed
V¥ 200 MeV not annealed
@ 55MeV
T e | ]
1E13 1E14 1E15
Neff (cm-3)
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Inttroduction rates (200 MeV &

introduction rate (1/cm)

)

10 - Emmmn T T
:
-1 0 Qcm
15 i 9 .
/V\° -
9
4 v v
)
4
0.1+
—@— 200 MeV annealed
W 200 MeV not annealed
& 55MeV
0.01 ~——rrp S 18 ===
1E13 1E14 1E15
Neff (cm-3)

[\

RD50

38" RD50 Workshop

1kQcm-sensor: CiOi introduction rate > BiOi introduction rate
the higher the B-concentration, the higher the BiOi/CiOi ratio

Introduction rates of the CiOi & BiOi decrease with Neff > 1E+14 cm-3

10 =] gy T
€
2 15 ]
Py
©
c
RS
©
=}
8 3
£ 0.1
—@— 200 MeV annealed
W 200 MeV not annealed | T
@ 55MeVv
0.01 “+———rri SN RE
1E13 1E14 1E15
Neff (cm-3)
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BiQi to CiOi ratio (200 MeV & ) RD50 /)
- H H LI S R S £ | H H Yo% o s el e
6 4|—9— 200 MeV (annealed) xR ‘ X Si
5.5 MeV :
5 - 7 I + BS_> BI
6 4 7] I + CS_> CI
O, | / -
O
5 7.14E+12 ;
24 /O i BI + OI —> BIOI
////// h
ol ///// | i CI + OI — CIOI
g
111 9'3;/13,/ —=T ' 2,36E+12 - @
01 1k 250 50 10
1E13 1E14 3 1E15 more B —> more Bi:
Neff (cm™) less C, that can create

* 5.5 MeV BiOi/CiOi ratio is lower -> less BiOi formation at / the C,O, defect D

lower electron irradiation energy BiOi introducti
iOi introduction

* the higher the B-concentration, the higher the BiOi/CiOi ratio = less CiOi produced rate higher

15
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Introduction rate: Interstitial related defects (200 MeV & 5.5 MeV) s

9([BiOI]+[CiOi]+[Ci])

v ! .
b introduction rate of
3E+00 4 , interstitial-defects |
3.8E+12 .
° D
3.87E+13 J M
50 E+13
2E+00 —
250 10
9
+ 7.14E+12
2.36E+12 &
1E+00 4 / o d
@ 1k ,
* electron irrad
A 200 MeV (not led)| T
1.19E+12 @200 MeV annealed
@ 5.5 MeV
0E+00 T T
0.00E+000 1.00E+015

Neff (cm)

high B-doped samples:

— formation of interstital related defects
(BiOi + CiOi + Ci) reduced
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Introduction rate: Interstitial related defects (200 MeV & 5.5 MeV) <IRD50 )

9([BiOI]+[CiOi]+[Ci])

; : ;
; introduction rate of
3E+00 4 interstitial-defects |
3.8E+12 E+12
o 9
3.87E+13 3 3
50 9E+1
2E+00 — E
250 10
o .
- 7 14E+12
2.36E+12 A
1E+00 4 / 3 c
@ 1k |
+ electron irrad
A 200 MeV (not annealed)| T
1719E+12 —@— 200 MeV annealed
@-5.5MeV
0E+00 I T
0.00E+000 1.00E+015

Neff (cm)

* high B-doped samples:

— formation of interstital related defects
(BiOi + CiOi + Ci) reduced

additional defect reactions of Bi:

— BiBs &>

— boron-carbon or '
boron-hydrogen

related defects Vienes et al. PRB 78, 085205 (2008):
(probably electrical inactive) | numerical simulation of the
generation rates as function of
B-concentration -> at high [B]: formation
of BiBs dominates -> BiOi concentration
reduced
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Introduction rates (from DLTS) for electron, proton & neutron irradiated sensors

introduction rate (1/cm)

10 77—
:
250 Qcm
50 Qcm
= )
141 kaom 3 : % ~10 acm| 5
] o ye 3
] § E O
1
-
%,
(]
r o
0.1 i
s - | [PrOtON irrad (230 MeV)
o |spheres: eV (not anneale: .
stars: 200 MeV annealed p\)(rgt(fh‘}r;rad RG]
rectangles: 5.5 MeV neutrons
0-01 fTr"i 'T'T'} Ll T rr
1E13 1E14 1E15
Neff (cm-3)

introduction rate (1/cm)
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LK 38th RD50 Workshop

RD50

10 s —
] B|O| /% Sigier J
i 3 je |
9 S
1) e ﬁ[] f O
1 - s °3 | -
g i 9 a :
-
e 50 Qcm 10 Qem
Ot i e 4 T
0.1 - I
1 |1kQem i
electron irrad : 230 MeV _ :
4 |spheres: 200 MeV (not annealed) p;g:g: :;::g 223 Ge\e/) | F — Parametrization Torino|
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* |Introduction rates of the defects decrease/ saturate with Neff > 1E+14 cm-3
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* Investigation p-type Si diodes with different resistivity (10, 50, 250 & 1000 Q cm) irradiated
with 5.5 MeV and 200 MeV electrons (fluence: 4.1E+11 — 3.8E+13 n . /cm?)

e Characterisation of the defect levels using DLTS & TSC:
= up to 8 defect levels detected with DLTS
= most dominant: Peak | (120), V2(+V3), Ci, CiQi, BiOi
= TSC & DLTS defect concentrations comparable if sensors can be fully depleted
= for sensors > 50 Qcm: X-defect peak overlapps with BiOi peak in TSC

* defect concentrations & introduction rates:
— defect concentrations increase with increasing fluence
= Introduction rates of the defects decrease/saturate for highly B-doped Si (Neff > 1E+14 cm-3)
(formation of electrical inactive or not detectable B-related defect clusters)
= in highly B-doped sensors the introduction rate of CiOi is smaller than the introduction rate for BiOi
(Bi formation dominated over Ci formation)

... ongoing investigations to identify defects: P
annealing studies, optical filling, additional defect characterization methodes, like I-DLTS ... )

21.06.2021 anja.himmerlich@cern.ch
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2RD50  Thank you for your attention!
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