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Summary:

Appearence of the X-defect in
TSC measurements
performed on
Proton, neutron, electron & gamma-irradiated
silicon diodes

A. Himmerlich, SSD weekly 02.09.2022
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X-Defect in proton irradiated samples
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23 GeV proton irradiated EPI Diodes investigated @ Hamburg:

i
Label [EPIS0P_01_DS_73 EPISOP_06_DS_71 | EPIS0P_09_DS_73 | EPIS0P_12_DS_74
Chuan Liao 37th RD50 WS Nov.2020 .
& C. Liao IEEE 69,3 (2022) Resistivity 10 Qcm 50 Qcm 250 Qcm 2000 Qcm
Irradiation 23 GeV proton/ (I)Eq =4.28E13 cm™
Area 6.927E-2 cm?
Thickness 50 QOcm:
2.0E-11 16min@80C, V_filling=5 V, T_fill=60 K, V_bias=-250 V . . . .
EEE % oo mines, Tme - - 60ming80C, V_fill=0 V, T fill=60 K, V_bias=-250 V
1.8E-11 4 250 Qcm - 2.5E-11
2000 Q cm
1.6E-11 4 BO, 60K filling
2.0E-11 <
o/1fo 2.0E-11 4
L4E-11 10K filling
- 1.2E-11 4 _— o]
S 1.0E-11 4 < 2
= £ 5
G 8O0E-12 O LOE-11 5 H(140K)+H(152K)+C.0, 3 10611 4
H(140K)+H(152K)+C.O,
X-defect X-defect i
6.0E-12 4
4.0E-12 4 SOE12 9 S0E-12
2.0E-12 4
0.0E+0 I I T T T 0.0E+0 T T T T T
0.0E+0 d -I...a-""'l"‘\"' : ll 62 82 102 - 12 142 162 62 82 102 gy 122 142 162
10 3 50 70 90 110 130 150 170 190
T(K) Fig 14. TSC spectrum of 50 Qcm p-type diodes after Fig 15. TSC sp.ec_trum for 0 V filling (majority carriers
Fig 19. TSC spectra for diodes with different resistivity filling at T. = 60 K with forwards bias V. = 5 V filling) and T_fill = 60 K
fill - - fill -
50 Qcm, 250 Qcm and 2000 Qcm
3
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23 GeV proton irradiated EPI Diodes investigated @ Hamburg: JIRD50 \j

60min@80C, V_fill=0V, T_fill=10K

9.00E-12
Chuan Liao 37th RD50 WS Nov.2020 S 0B 12 data_350V H(140K)+H(152I<)+CiOi!.,’g
& C. Liao IEEE 69,3 (2022) ’ i fitting_350V
7.00E-12 X data_300V ¥
X data_200V E : "
e capture cross section is strongly T dependent GBI X daw 100v
* X-defect = hole trap 2 sue I i
e PF-Effect g 4.00E-12 J 50 Qcm: X-defect
* Shallow acceptor: X(0/-), i.e. neutral when filled —_— HK -
e quite large T shift with bias s il
* Long tail at higher bias \
. . . . . 1.00E-12 4 Lo N
e concentration slightly increase with annealing T
0.00E+00 I I | |
0 120 140 160 180 200
T filling=10K, V._filling=0V. V_bias=-300V 50 Qcm . T_filling=10 K, V_filling=0V, V_bias=-300 V
;0571;- v 1.8E+13 T+ + + +
- lmglimfn X-defect L6E+13 o +
o 13mn N
o
B v:—l‘t"'l/ L/@ 4.0E+12 4
30 40 54 60 Tzln() 80 9 100 110 120 9 100 Aln(lnea];::; terlsgerﬂttl:e (“5)0 160 170 180
Integration range 50 Qcm.

02.09.2022 anja.himmerlich@cern.ch



23 GeV proton irradiated EPI Diodes investigated @ Hamburg:

'RD50

c@
\

Chuan AR meeting 03.02.2021

Dependence of
the initial doping

2k Qcm: 250 Qcm: 50 Qcm:

EPISOP_06_DS_71

EPISOP_I2_DiodeS_74 (16min@80C, V filling=5 V, V_bias=-250 V)

EPISOP_09_DiodeS_73
(120min@80C, V_fill= 10 V, V_bias= -100 V)

(120min@80C, V_fil 1= 10 V, V _bias = -250 V)

. . 2.56-11
25E-11 25E-11 o BiON
o | Ll b
........ 30k . bk i i Al
I > N RN 30k 1 204 o
e | 40K CiO1
Sox CiOi —_— S0k (mainly, for —15E-11 -
11 0k . . 41 E i I B
Ze (mainly, [for 15511 1 ok higher T, ) = oK CiOi
=z 70k A < 1 i !
= -0 fhigher Ty,) = S 6 (mainly, for
gl OE-11 e —— 7] ELOE-11 o 70k higher T )
o - A E51.05-11. 3 £ il
VO A X—dﬂfel:l
S.OE-12
5.0E-12 - A rioi N A 5.0E-12 o
— h, I -'
7 G\ =X : i E M
1 ' 0.0E+00 DOE<0 AL [ .
T Db+ 5 ' 10 30 S50 70 90 110 130 150 170 190
1030 50 70 9 MO 130 150 170 190 1030 S0 70 90 110 130 150 170 190 T(K)
T(K) T(K)

4.28E+13 neg/cm? 4.28E+13 neqg/cm?

4.28E+13 neqg/cm?

The conclusion about X-defect:

1. X-defect is invisible at lower initial doping diodes;

2. Comparing three diodes with different resistivity, the increases of BiOi peak maximum for different T (Al ) are initial
doping dependent. In principle, BiOi itself is not temperature dependent. So [ think it's due to X-defect concentration is
different for different initial doping diodes, and it might be indirectly proven whether the X-defect is boron related or not.

The conclusion about VO and CiOi:

Initial doping dependent.

|
no x-defect

NS
10 Qcm:
EPISOP_01_DiodeS_73,10 Qcm
as-irradiated, T_fill=10K, V_filling=0V
data_30 data_60 data_100
LOE-12
9.0E-13
R.0E-13 4
TOE-13
6.0E-13 -
5.0E-13 o X-delect
4.0E-13 -
3.0E-13 ' m
206134 b
1.0E-13 - “
0DE+0 - . T T
10 30 p 70 kU 10 130 150
1K)
Integration range

4.28E+13 neg/cm?

Chuan AR meeting 16.09.2022

02.09.2022
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23 GeV proton irradiated EPI Diodes investigated @ Hamburg: o
Chuan AR meeting 03.02.2021
2k Qcm: 250 Qcm: Chuan AR meeting 27.04.2022
Annealing study
) ) 8.0E-12
EPISOP_12_DiodeS_74 EPIS0OP_(9_DiodeS_73
(120ming80C, V_fill= 10 V, V_bias= -100 V) (120ming80C, V_fil 1= 10 V, V_bias = -250 V) Y BO
25E-11 2 5E-11 7[}5‘[2! i i
e.) S I A R N R I A 20k ! 1200
-------- 0k 130C
2.0E-11 - 206114 77T el 6.0E-12 4
'_'_'_'_'_‘_mk et —_—— 40k CiOi 4 :g ,
:f]t CiOi —_ S0k 51f_"£;il:|}tT ﬁ:):-f 5.0E-12 4 160C
—JI5E-11 peiy _1SE 11 - igher T — —') &
- (mainly, |for —— 0K il ‘ < . 170C
E X thigher Ty,) = = 40E-124 e 180C
B — R0k = =]
6'-”"’- " | 51.05-11 - 2 ! 190C
VO & 3.0B-124 = 200C
5.0E-12 - A rioi - 50612 o '
/ : 2.0E-12 4
0.0E+00 = - 1 X-defect
10 30 50 70 % 110 130 150 170 190 0030 S0 70 %0 110 130 150 170 190 1.OE-12 «
T(K) T(K) ’ - :
0.0E+0 oy F—r—y—r—r—— : =
2 2 60 70 80 90 100 110 120 130 140 150 160
4.28E+13 neq/cm 4.28E+13 neq/cm T(K)

The conclusion about X-defect:
1. X-defect is invisible at lower initial doping diodes;
2. Comparing three diodes with different resistivity, the increases of BiOi peak maxim

Is it really the same ,,X“-defect?

doping dependent. In principle, BiOi itself is not temperature dependent. So [ think
different for different initial doping diodes, and it might be indirectly proven whether the
The conclusion about VO and CiOi:

Initial doping dependent.

|
no x-defect 6

02.09.2022 anja.himmerlich@cern.ch




23 GeV proton irradiated EPI Diodes investigated @ Hamburg:

Chuan AR meeting 03.02.2021

2k Qcm:

2.5E-11

EPISOP_12 DiodeS_74

(120min@80C, V_fill= 10 V, V_bias= -100 V)

2.0E-11 o

—1.5E-11 =

1OE-11 =

Current( A

5.0E-12 =

20k
-------- 30k
40k
50k
fillk
T0k

Cioi
(mainly, |for

— 1k

i o500 TO 90
T(K)

L 1300 150 1700 190

4.28E+13 neg/cm?

Sample EPIS0P

12_DS_72,4.3E13 cm™?

EPISOP_12_DS_72, 4.3E13 cm?, 1 kQem, 24 GeV/c p

-
[N

=
5}

Thiu

©

——10K

[pA]

o

—20K

I_tsc

——30K

IS

~

(=}

JA ey =
MAJ\ A=Y

5

o

100 150 200
TIK]

AR meeting 21.04.2020

Current(A)

3.0E-12

2.5E-12 4

2.0E-12 o

1.5E-12 o

1.0E-12 o

5.0E-13

Y(BiCs?)

70 % 9 100 110 120 130 140
T(K)

150

Current(A)

EPISOP_12 DiodeS_74
(as-irmradiated, V_filling=-100V, light injection)

TOE-13

6.0E-13
5.0E-13
40E-13 o
30E-13 o
20613 477

NS

1LOE-13 =

0.0E+0

T T T T T
50 60 70 80 90 100 110

160

RDS50 @)

Chuan AR meeting 27.04.2022
Annealing study

Is it really the same ,,X“-defect?

Chuan AR meeting 20.11.2020
Light injection
(no annealing)

02.09.2022 anja.himmerlich@cern.ch



23 GeV proton irradiated EPI Diodes investigated @ Hamburg:

Chuan AR meeting 19.08.2020

10 Qcm:

: 2
Higher fluence! 4.96E+15 neg/cm
EPIS0P_01_DiodeS_85 (8min@80C, V_fill=130V, V=-50V)
—_— 20k —— 30k —— 40k —— 50k —— 60k
1.2E-10
1.0E-10
BiOi
S.0E-11 VO
= .
= 6.0E-114
:
o
4.0E-11 4
2.0E-11 4
0.0E+0 r T T T T T r T
20 40 60 80 100 120 140 160 180
T(K)

Complicated space charge and field distribution during heating up

NO X-defect

'RD50

Light inject n*-electrode (hole injection)

EPIS0P_01_DiodeS_85 (as-irradiated, T_fill=40K, V_filling=-200V)

7.0E-11 Ov 608 weucuannn Ov_240s 200v_60s 200v_240s

6.0E-11 4

5.0E-11 4

2.08-11 4
1.OE-11 4
0'0E+0 T T T T T T T T
0 40 60 80 100 120 140 160 180
T(K)

Dotted line: 0V cooling down;
solid line: -200V cooling down;
Main difference for T > 160K.

Is it really the same ,,X“-defect?

02.09.2022 anja.himmerlich@cern.ch
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23 GeV proton irradiated EPI Diodes investigated @ CERN
(data from 50 and 250 Qcm sensors available)

Jan. 2022

Sample
EPI-01-103
EPI-05-99
EPI-08-98
EPI-12-98

EPI-01-101
EPI-05-98
EPI-08-97

EPI-09-92
EPI-09-93
EP=00-04

EPI-09-79
EPI-09-80

EPI-01-102
EPI-05-94
EPI-08-93
EPI-12-93
EPI-12-94
EPI-05-83
EPI-02-96
EPI-05-104
EPI-08-95
EPI-12-95

EPI-04-81
EPI-06-89

EPI-04-69

EPI-09-103

resistivity
10
50
250
1000

10
50
250

250
250
250
250
10
50
250
1000
1000
50
10
50
250
1000

50
50

50

250

fluence (p/cm”2)
1.22E+15
1.22E+15
1.22E+15
1.22E+15

5.54E+14
5.54E+14
5.54E+14

4.98E+14
4.98E+14
AO8E+14

1.91E+14
1.91E+14

1.30E+14
1.30E+14
1.30E+14
1.30E+14
6.44E+13
5.40E+13
1.30E+13
1.30E+13
1.30E+13
1.30E+13

2.44E+13
2.44E+13

4.00E+12

2.00E+11

fluence (neq/cm?)
7.32E+14
7.32E+14
7.32E+14
7.32E+14

3.32E+14
3.32E+14
3.32E+14

2.99E+14
2.99E+14
200E+14

1.15E+14
1.15E+14

7.80E+13
7.80E+13
7.80E+13
7.80E+13
3.86E+13
3.35E+13
7.80E+12
7.80E+12
7.80E+12
7.80E+12

1.49E+13
1.49E+13

2.48E+12

1.20E+11

notes
Neff annealing study
Neff annealing study
Neff annealing study
Neff annealing study

TSC (Pedro)
TSC (Isidre)
TSC (Pedro)

TSC
T5C (Iza)
TSC (bad)

TSC
TSC (Iza)

TSC
TSC (Pedro)
TSC, I-DLTS =D
TSC (Pedro)
(T5C)

TSC, DLTS =D
(TSC.txt)
(TSC.txt, DLTS-transient)
(TSC.txt)

(TSC.txt)

TSC, DLTS =D
T5C

TSC, DLTS (loana bro.)

(DLTS)

02.09.2022

anja.himmerlich@cern.ch
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23 GeV proton irradiated EPI Diodes investigated @ CERN
(data from 50 and 250 Qcm sensors available)

EPI 250 Qcm:

I(A)

T T T T T T T T
EPI-08-97: UR=-100V, UP=10V, tfill=30s THill:
_ - — 20K |
—— 30K
— 35K
— 40K
— 50K 1
— 60K
— 70K

-2.0E-11

0.0er00 LT LI 7Y .32E+14Ineq/cm2

T T .
50 100 150 200
temperature (K)

no X-defect in the 250 Qcm sensors
BUT: lowest fluence measured for this
resistivity: 7.8 E+13 neq/cm?!!!

1 (A)

o
U1
S

—— EPI-08-97 3.32E+14 neg/cm?
—— EPI-09-92 2.99E+14 neg/cm?
—— EPI-08-93 7.8 E+13 neg/cm?

BiOi
-2E-11 -
-1E-11 - i
OE+00 - — L -
! I I I
50 100 150 200
] T (K)
Gurimskaya et al. NIMA 2020
VOIi+CiCs
02.09.2022 anja.himmerlich@cern.ch
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irradi iodes investi PRDs0 D)
23 GeV proton irradiated EPI Diodes investigated @ CERN )

(data from 50 and 250 Qcm sensors available)

EPI 50 Qcm:
8.0E-11 — . ——3.32E+14 neg/cm*—
EPI-05-98: UR=-100V THill:
—— 20K
. —— 25K
BiOi 30K
-6.0E-11 - | —— 35K -
[’ 40K
| —— 50K
j —— 60K
= | TR no X-defect
= -4.0E-11 A H(40) j CiOi | -
(Chuan: 4.28E+13 neq/cm? => x-defect visible in 50 Qcm)
-2.0E-11 H -
0.0E+00 - . : . , . , -
50 100 150 200

temperature (K)

11
02.09.2022 anja.himmerlich@cern.ch



23 GeV proton irradiated EPI Diodes investigated @ CERN
(data from 50 and 250 Qcm sensors available)

EPI 50 Qcm:

. . : —— EPI-05-98: 3.32E+14
-6.0E-11 - —— EPI-05-94: 7.8E+13
[\ B0 — EPI-05-83: 3.3E+13
ﬂ EPI-04-81: 1.49E+13
—— EPI-04-69: 4E+12
-4.0E-11 A 7
5 X
-2.0E-11 - 7
0.0E+00 - - ’/ 7

i I I I
50 100 150 200

T (K)

S

\Z{RD50

12

104

-1 (pA)

EPI-05-83: UR=

T
-100V, UP=20V, tfill=60s

\

x-def [

)

appearance of the

X-defect 6

for lower fluences

4

100

150 200

temperature(K)

T
EPI-04-81: UR=

T T T
-100V, UP=20V, ffill=60s

BiOi

1.49E+13 neqg/cm?

—— 20K
—— 25K 1
30K
—— 35K ]
40K |
—— 45K
50K |
—— 55K
—— 60K
—— 65K
—— 70K
—— 75K
—— 80K A
—— 85K
90K
—— 95K
——— 100K

T T
50 100

T T
150 200

temperature(K)

02.09.2022
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23 GeV proton irradiated EPI Diodes investigated @ CERN - P,

(data from 50 and 250 Qcm sensors available)

YANA 36th RD50 WS 2020

. [ ] L] L ] L]
TSC: Ty, variation for O bias cooling
. . - - - i i 1 i 1
Example: proton irradiated 50 Q-cm EPI PiN diode 0 bias cooling b!as_ coolln. — filling only hole traps with
majority carriers
TSC: Ve oo1=0V, Vpias=-100V, p=11K/min
20K = X-defect - hole trap H(87K)
129 ggz (proved by Hamburg group with light injection)
] 7 —— 35K
10 4 40K Integration over TSC peak (Vip:=-100V, Tg=20K), Int.rate=n/®,
| BO, 45K
= { weneeee 20K, -100V EPI-04-81, EPI-05-83,
2 84  Huok) i 149E+13 neg/em? | 3.35E+13 ng/cm?
- | {
2 co | H(40K) 0.08 0.09
i A |
S i f ~0.4 by
- 4l l f H(87K) 0.35 0.41 fitting
" H(116K) 0.03 0.03
2 H(160K)
L co, 0.17 0.24
0 -
50 100 150 200 H(160K) 0.02 0.04
Temperature (K) Fluence O,.qfem?
EPI-05-83, 5.4E+13 p/cm?
N 24E+13 149E413
RDSO 2Ath BOEN Warkehan line 3.5 2090 Virtual mesting at CEBK Canswua 34E+13 335E+13

14
02.09.2022 anja.himmerlich@cern.ch
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23 GeV proton irradiated FZ Diodes investigated @ CERN i

CIS16-Cz-03-100-DS-105 (100 Qcm, 41 um, proton irradiated, 4.02E+12 p/cm?)

E 1.2_I [ | T T | T T | T T | T T | T T | T T | T T | T T I_
k= - i
g -
7 _ _
Q - _
2 08— —
0.6/ —
0.4:— ‘\. _:
HERERVE -
0.2/, A -
_02_I [ | |1 1 | |1 1 | |1 1 | |1 1 | [ | | Ii | |EI | I- | |1 1 | I_
20 40 60 8 100 120 140 160 180 200

Temperature [K]

16
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X-Defect in neutron irradiated samples

02.09.2022 anja.himmerlich@cern.ch

CE/RW
\

Nl

17



Neutron irradiated EPI Diodes investigated @ CERN

Sample
EPI-01-100
EPI-04-102
EPI-08-100

EPI-12-99

EPI1-01-98
EPI1-04-101
EPI-08-99
EPI-12-96

EPI-01-80
EPI-04-94

EPI-04-98
EPI-04-DB-41

EPI1-04-82

ER=08-DB=41
EPI1-08-83

E=12-DB=41
EPI-12-103

resistivity

10
50
250
1000

10

10
50

50

50

50

250

1000

fluence (n/cm?)

3.32E+14
3.32E+14
3.32E+14
3.32E+14

7.80E+13
7.80E+13
7.80E+13
7.80E+13

1.2 E+13
1.2 E+13

4.00E+12
4.00E+12

2.4E+12

5004
5.00E+11

0011
1.00E+11

notes
TSC (Isidre)
TSC (Isidre)
TSC (Isidre)
TSC (Isidre)

TSC (Isidre)
TSC (Isidre) =D
TSC (2018 & 2021), DLTS, IDLTS
TSC (Isidre)

DLTS,
TSC, DLTS

DLTS, no TSC
TSC (Isidre) —rrotaratysed

DLTS, TSC (not possible)

TSC (no signal)
DLTS, TSC (verrauscht)

TSC (no signal)
DLTS, TSC

-

E——)

-I(pA)

L no Tfill dependent measurements

16 T I T T T —
| EPI-08-99: UR=-100V, UP=20V, tfill=60s Till:

. —20

14 - CiOi —25

——30

35

12 40

no X-defect —— s

50

10 ——55

——60

— 65

8 1 BiOi —170
6 - i
4 - |
2 - _
0- : I I I

50 100 150 200

temperature (K)

02.09.2022

anja.himmerlich@cern.ch
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7.8E+13 neq/cm?
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Neutron irradiated EPI Diodes investigated @ CERN - 7
Sample resistivity fluence (n/cm?) notes
EPI-01-100 10 3.32E+14 TSC (Isidre) =
EPI-04-102 50 3.32E+14 TSC (Isidre)
EPI-08-100 250 3.32E+14 TSC (Isidre) '
EPI-12-99 1000 3.32€+14 TSC (isdre) L no Tfill dependent measurements
EPI-01-98 10 7.80E+13 TSC (Isidre)
EPI-04-101 0 7.80E+13 TSC (Isidre) =D _
EPI-08-99 @ 7.80E+13 TSC (2018 & 2021), DLTS, IDLTS ) O X'dEfECt
EPI-12-96 000 7.80E+13 TSC (Isidre)

no Tfill dependent measurements

EPI-01-80 0 1.2 E+13 DLTS,
EPI-04-94 e 1.2 E+13 TSC, DLTS E— 41— - . —1.2E+13 n/cm?

EPI-04-94
EPI-04-98 50 4.00E+12 DLTS, no TSC
EPI-04-DB-41 50 4.00E+12 TSC (Isidre) ~Troturatysed
EPI-04-82 50 2.4E+12 DLTS, TSC (not possible) 24
<
ER-08-DB-41 250 50011 TSC (no signal) =
EPI-08-83 250 5.00E+11 DLTS, TSC (verrauscht) B
ERL12.DB-41 1000 1005411 TSC (no signal) 07 [rr W -
EPI-12-103 1000 1.00E+11 DLTS, TSC

: : : : .
50 100 150 200
T (K)

19
02.09.2022 anja.himmerlich@cern.ch



Neutron irradiated EPI Diodes investigated @ CERN

Sample
EPI-01-100
EPI-04-102
EPI-08-100

EPI-12-99

EPI1-01-98
EPI1-04-101
EPI-08-99
EPI-12-96

EPI-01-80
EPI-04-94

EPI-04-98
EPI-04-DB-41

EPI1-04-82

ER=08-DB=41
EPI1-08-83

E=12-DB=41
EPI-12-103

resistivity
10
50
250
1000

10

oy

50

50

250

1000

fluence (n/cm?)
3.32E+14
3.32E+14
3.32E+14
3.32E+14

7.80E+13
7.80E+13
7.80E+13
7.80E+13

1.2 E+13
1.2 E+13

4.00E+12
4.00E+12

2.4E+12

5004
5.00E+11

0011
1.00E+11

notes
TSC (Isidre)
TSC (Isidre)
TSC (Isidre)
TSC (Isidre)

TSC (Isidre)
TSC (Isidre) =D
TSC (2018 & 2021), DLTS, IDLTS
TSC (Isidre)

DLTS,
TSC, DLTS

DLTS, no TSC
TSC (Isidre) —rrotaratysed

DLTS, TSC (not possible)

TSC (no signal)
DLTS, TSC (verrauscht)

TSC (no signal)
DLTS, TSC

T~

%_\:'53:?:@ X
7IRD50

L no Tfill dependent measurements

-

) /10 X-dEfECt
no Tfill dependent measurements

E—) X-dEfECt - . - . ~4E+12 n/sz_

} 1 EPI-04-DB-41 1

—) -4.0E-12 - -
<

—  -2.0E-124 7

0.0E+00 - 7

50 100 150 200
T (K)
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Neutron irradiated EPI Diodes investigated @ CERN

Sample
EPI-01-100
EPI-04-102
EPI-08-100

EPI-12-99

EPI1-01-98
EPI1-04-101
EPI-08-99
EPI-12-96

EPI-01-80
EPI-04-94

EPI-04-98
EPI-04-DB-41

EPI1-04-82

ER=08-DB=41
EPI1-08-83

E=12-DB=41
EPI-12-103

resistivity
10
50
250
1000

10

oy

50

50

250

1000

fluence (n/cm?)
3.32E+14
3.32E+14
3.32E+14
3.32E+14

7.80E+13
7.80E+13
7.80E+13
7.80E+13

1.2 E+13
1.2 E+13

4.00E+12
4.00E+12

2.4E+12

5004
5.00E+11

0011
1.00E+11

notes
TSC (Isidre)
TSC (Isidre)
TSC (Isidre)
TSC (Isidre)

TSC (Isidre)
TSC (Isidre) =D
TSC (2018 & 2021), DLTS, IDLTS
TSC (Isidre)

DLTS,
TSC, DLTS

DLTS, no TSC
TSC (Isidre) —rrotaratysed

DLTS, TSC (not possible)

TSC (no signal)
DLTS, TSC (verrauscht)

TSC (no signal)
DLTS, TSC

L no Tfill dependent measurements

) /10 X-dEfECt
no Tfill dependent measurements

——) x—defect

+
=)  x-defect

- low/bad TSC signals

X-defect seems fluence dependent

Dependency on the resistivity cannot be specified due to a lack of data

02.09.2022

anja.himmerlich@cern.ch
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200 MeV electron irradiated EPI Diodes investigated @ CERN

TSC (before & after annealing 10 min @ 60°C)

10 Ocm

before annealing:

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

{4.5; —————————————————————— T""vv*;v‘vi
= 4F TouaK) 1
2 E Hat —~200 250 300 350 --400 I
& ]
= B | O | 450 500 - 550 600 650
&) 9 700 750 800 850 j
17z}

=

100 120 140 160 180 200
Temperature [K]

after annealing:

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

45 . S —— e
4F Bi()i Towa K] |

t =200 ~250 300 350 - 400 -450 |

- 500 550 -60.0 -650 ~70.0 750 |

800 850 900

TSC-signal [pA]

A
20 40 60 80 100 120 140 160 180 200

Temperature [K]

45 LB L S S
r Trea (K] ]
4t —200 250 300 350 400
! 351 450 500 550 600 650 3
t 700 750 80.0 850
1 BiOi |
25¢

50 QOcm

CIS16-EPI-06-50-DS-105_S00hmcm: before annealing, Vbias: -100V

100 120 140 160 180 200
Temperature [K]

CIS16-EPI-06-50-DS-105_500hmcm: after annealing, Vbias: -100V

160 180 200
Temperature [K]

140

25[ ...........................
Toea (X1
-200 ~250 300 350 --400

2 450 500 550 600 650

250 Ocm

CIS16-EPI-08-50-DS-78_2500hmcm: before annealing, Vbias: -100V

40 60 80 100 120 140 160 180 200
Temperature [K]
CIS16-EPI-08-50-DS-78_2500hmcm: after annealing, Vbias: -100V
2'5[ T T T T T T T[T T~ T—T—T—]— 11—
Tiea (K]
[ =200 250 300 350 --40.0
2| S 450 500 - 550 600 650
70 750 800 850 . -
: CiOi
L5}

BiOi

160 180 200
Temperature [K]

80 100 120 140

05

04"

0.5

04 -

RD50

38 RD50 Workshop

CERN
\\

1 kQcm

CIS16-EPI-12-50-DS-69_1kOhmcm: before annealing, Vbias: -100V

Toea (K1

—200 250 300 5.0 40.0
450 50.0 550 60.0 65.0
700 750 800

120 140 160 180

Temperature [K]

CIS16-EPI-12-50-DS-69_1kOhmcm: after annealing, Vbias: -100V

Tiea (K]

—200 250 300 350 --400
450 500 550 600 650 1
700 750 80.0 Ci O |

BiOi

200

180

160
Temperature (K]

80 100 120 140

200

3.87E+13 neq/cm?

7.14E+12 neg/cm?

2.36E+12 neg/cm?

1.19E+12 neqg/cm?

02.09.2022

anja.himmerlich@cern.ch
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5] CERN
5.5 MeV electron irradiated EPI Diodes investigated @ CERN IRD50 \w

Nl
50 Qcm: 250 Qcm:
EPI-06-88 (50 Qcm, 5.5 MeV electrons, 7.6e+12 neq/cmz)
| bizs-100v " ' ' ' EPI-08-88
Ugy =20V
try =60 v [T T T T T T T
-3 bias = -100V
U, = 20V .
2 { oo cioi
&
E x-de! -
3 ] BiOi
Q ~
g €24 x-defect e
§17 o
12 neq/cm? 3 D
)
0- 2
X
T T T T (1]
50 100 150 200 o
temperature (K) !
:¥ [ 1Y
1.2 — T T 04 2 i (e [} -
| bias=-100Vv EPI1-06-97 20K 7 '
Uy =20V
1.01 tg =60s W
4 T T b 1 o T
0.8 50 100 150 200
<
S temperature (K)
S 0.6
§ x-defect
g 3.8E+12 neq/cm?
' Nt
-

0.2 :

temperature (K)

25
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5.5 MeV electron irradiated EPI Diodes investigated @ CERN

bias dependence of the x-defect:

Ugy =20V
try =60s
34
<
Q.
N
€
2
= |
(&]
(]
(o)}
@
£
© -1+
o
0

N 1
4 bias - 100V

T N T 3 1
100 150 200
temperature (K)

EPI-06-88 (50 Qcm, 5.5 MeV electrons, 7.6e+12 neq/cmz)

leakage current (pA)

'
N
1

T T
bias - 150 V
Ugy =20V
te =608

x-def

RDS50 @)

Ugy =20V
tr =60s

leakage current (pA)

. . . .
bias - 200 V i

—20K

temperature(K)

g 1 L 1 — 1
50 100 150 200
temperature(K)
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6 MeV electron irradiated EPI Diodes investigated @ Hamburg

Chuan, AR meeting
09.06.21 & 19.05.21):

10 Qcm:

3.98E+13 neq/cm?

EPI50P 06 DiodeS 3 (T fill=10K, V filling=0V, V_bias=-20V)
2.00E-12

20v_as_irrad
1.50E-12 o = 20w 8min_80cC
20v_16min_80c )4
< 1.00E-12 CiOi g
= | X-defect A ,,.f"’
2 50013 - Y
=1 F\ J: W 4
Q 7 & | A4
S I W T % 7
0.00£~+00 7 e ol g g
-5.00E-13 +—+—+F—F—"7"F"—"T"—T"—T1TT—"T"1T—"T"T—TT7
10 30 50 70 9 110 130 150 170 190
T(K)

EPIS0P_06_DiodeS_3 (T_fill=10K, V_filling=0V, V_bias=-100V)
8.00E-12 |
7.00E-12 100v_as_irrad
6.00E-12 1 100v_8min_80c y

= 5.00E-12 4 100v_16min_80c ;
?, 4.00E-12 < Cioi '/’
S 3.00E-12- 7N _"'
F 4 Y
O - 7 -
2.00E-12 4 y
4 = /
100E-12 1 X-defect /
] 1 p
0.00E-00 s T S e ——————T
10 30 50 70 110 130 150 170 190

90
T(K)

also at higher fluences compared to 200 MeV

X-defect for 6 MeV electrons

Current (A)

EPISOP 06 DiodeS 7 (T fill=10K, V filling=0V, V_bias=-50V)

1.59E+14 neq/cm?

©

S
U1
-

/_4 G

2.39E+14 neq/cm?

C

EPI50P_06_DiodeS_9 (T_fill=10K, V_filling=0V, V_bias=-100V)

\

E/RW

Nl

900512 3 ——50v_as_imad CiOi 3.00E-11
8.00E-12 4 = 10i ] 100v_as_irrad .
{ — i X-defect? = H140K, H152K, CiOi
7.00E-12 ] 20v_Bmin_80c 2.50E-11 4 100v_8min_80c
6.00E-12 1 50v_16min_80c . 100v_16min_80c
< 5_005125 = 2.00E-11:
g 4008127 = 150E-114
= 3.00E-12 4 @ |
O  2.00E-12 4 5 1.00E-11 4
1.00E-12 4 1
0.00E+00 ] 5.00E-12 4 »’//
-1.00E-12 ————r r —r T r 1 L. ]
0.00E+00 e e e S e e T r T
10 0 0 TQ?K) Ho 10 10 170 190 10 30 50 70 90 110 130 150 170 190
T(K)
1.80E-11 3.00EA] = 9 (11 a ] |
b 300v_as_irrad e
1.60E-11 4 ; i T H140K, HI52K, CiOi |
200v_as_irrad CiOi 2.50E-11 4 st 300v_8min_80c
1.40E-11 4 ———200v_8min_80c 1 300v_16min_80c
—~ 1.20E-114 200v_16min_80c . 2.00E-111 = =
< 1 00E 11 < A
e £ 1.50E-11
G 8.00E-12 Haoic X-defect? T ]
5 124 5 114
3 6.00E12 3 LooE11
4,00E-12 4 7
2 00E.12 - 5.00E—12:
0.00E+00 ——T——— —— 7 0.00E+00 ——— e e o T T r r
10 30 50 70 90 110 130 150 170 190 10 30 50 70 90 110 130 150 170 190
T(K) T (K)
\ Y J
TSC spectra (V_fill=0V, T_fill = 10K) 2?9 ) .
- o= - TSC Spectra (T_fill=10K, V_filling=0'
2.00E-11 X defect Y 3.00E-11 P ( - = g V)
- 100v
— 50v
=1 - 2.50E-11 4 S——] 50V
1.608-11 — 100v H140K, H152K, CiOi 200v
1 150v 2.00E-11 1 250v
1.20E-11 4 200V o — 300V
J TE’ 1.50E-11 1
£.00E-12 HA0K X-defect S 100114
4.00E-12 4 5.00E-12 X-defect
1 0.00E+00 4
0.00E+00 T T T T T T T ¥ T T T T T T T 10 30 50 70 90 110 130 150 170 190
10 30 50 70 90 110 130 150 170 190 T
T 02.09.2022  anja.himmerlich@cern.ch
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60Co Gamma irradiated EPI Diodes investigated @ CERN

Q

EPI-06-DS-67
EPI-06-DS-69 V)
EPI-06-DS-82 V)

EPI-06-DS-84 1)

EPI-10-78
EPI-10-DS-80 V)

EPI-10-DS-82 V)

50
50
50
50

250
250
250
250
250

cm Mrad MG
50 10 0.1

20 0.2
100

100
200

10 0.1
20 0.2
20 0.2
100 1
100 1

not annealed

not annealed

not annealed
several month @ RT

not annealed

not annealed
not annealed
unknown
not annealed (DLTS) & annealed (DLTS)

several month @ RT

.| EPI-10-82

Tfill=70K
THill=50K

Tfill=20K

- o\

T T T T T T T T
70 75 80 85 90 95 100 105 110 115

| THil=70K
Thll=50K |
0.5

%%

Lz
\Z1RD50
25 T 1 - 1 1 T~ T 1T "~ T T T 1
| EPI-06-84
2.0 -
1.5+ -
1.0 1 E

0.0

Tfill=30K

— — —
70 80 90 100 110 120 130 140 150 160 170
T(K)

-IA)

-2

le-13

y
A

~—— CIS16-EPI-10-50-DS-78_2022 08 04 12 21 48 Vbias(down)-100.00_Vfill20.00_Tfill110.00_tfill60.00_Vbias(up)-100.00.tsc

60 80 100 120 140 160 180 i
T(K)

02.09.2022 anja.himmerlich@cern.ch
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60Co Gamma irradiated EPI Diodes investigated @ CERN

Q

EPI-06-DS-67
EPI-06-DS-69 V) 50 20

EPI-06-DS-82 V) 50 100

50 100

EPI-10-78 250 10
EPI-10-DS-80 V) 250 20

EPI-06-DS-84 1) 50 200

250 20

EPI-10-DS-82 V) 250 100

b1(pF)

250 100

cm Mrad MG
50 10 0.1

0.2

0.1
0.2
0.2

0.08 T T . T . . . : :
EPI-06-67: 100 kGy UR =-10V, UP =-0.6V,
EPI-06-69: 200 kGy TW =20 ms, tp = 1ms
EPI-06-82: 1 MGy D LTS
EPI-06-84: 2 MG

0.06 - Y i

0.04

0.02

V2

Z1RD50 \
2.5 o
- EIPI-O6-I84 T T T T T T T T
_ 2'0_ |
not annealed
1.5 - -
not annealed —_
S
not annealed = )
several month @ RT THil=70K
not annealed / 05 TH=eOK J
THill=30K
not annealed 0.0 .
not annealed 70 80 9 100 110 120 130 140 150 160 170
unknown T(K)
not annealed (DLTS) & annealed (DLTS)
severa|l panth A DT
Simulated TSC scans for 50 Qcm, voltage bias 100 V
6- o —— EPI-06-67 10 Mrad
BiOi —— EPI-06-69 20 Mrad
51 —— EPI-06-82 100 Mrad
—— EPI-06-84 200 Mrad
— 4
3
O 3
R 3
27 . .
120 V2 CiOi
1_
0 _A : = ! I A
40 60 80 100 120 140 160 30

T [K]



3.0

60Co Gamma irradiated EPI Diodes investigated @ CERN

Q

EPI-06-DS-67
EPI-06-DS-69 V)
EPI-06-DS-82 V)

EPI-06-DS-84 1)

EPI-10-78
EPI-10-DS-80 V)

EPI-10-DS-82 V)

50
50
50
50

250
250
250
250
250

2.5
cm Mrad MG 2.0
50 10 0.1

not annealed

IrsclpA]
H
(5]

20 0.2 not annealed

100 not annealed

100 several month @ RT 1.0
t led

200 not anneale 05

10 0.1 not annealed 0.0

20 0.2 not annealed

20 0.2 unknown

100 not annealed (DLTS) & annealed (DLTS)

100 several month @ RT

—T T T T ~ T "~ T T "~ T
EPI-10-82

Tfill=70K
THill=50K

Tfill=20K

T 1
70 75 80

— T T T T T T T T T
85 90 95 100 105 110 115

- o\

Simulated TSC scans for 250 Qcm, voltage bias 100 V

—— EPI-10-78 10 Mrad

T [K]

|~ EPI-10-80 20 Mrad BiOi CiOi
— EPI-10-82 100 Mrad 101
120
V2
40 60 80 100 120 140

-IA)

-2

le-13

60

100

120 140 160 180
T(K)
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®0Co Gamma irradiated EPI Diodes investigated @ CERN - P,

250 Qcm EPI diode

i ' ) ' 1 ‘ ‘ ‘
E % EPI-10-78 H E EPI-10-80 %
100kGy ."f.‘ i & 200kGy h
20! 4 g b § o
B i \ w0
i ;4 ‘
10 |I\ il & ]
7] § yﬁw @
| ,“lw N ] o
.L oo . - "‘i.l.‘,f‘" i P ol b A
Ll W |
I 100 2(;0 I
TIK] — TIK] —
: ‘
DLTS E w0  EP|-10-82 ﬁ\ o Simulated TSC scans for 250 Qcm, voltage bias 100 V
w  1MGy 3 —— EPI-10-78 10 Mrad e
i 55/ —— EPI-10-80 20 Mrad BiOi .
200 P —— EPI-10-82 100 Mrad CiOi
100 :}él I‘:‘:ﬁl 20
& ﬁ%. : =
g : X <
0 ; J %&m % 15
‘ 100 ' 200 ' £
TIK] —
1.0 | 120
V2
" JA A
0.0 40 60 80 100 120 % 160
* X-defect also for the highest doses observed T K]
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Chuan, AR meeting 16.09.2020: Chuan, AR meeting 19.08.20: <IRD30 \\_/
Summa ry EPI (10 Qcm) 4.28E+13 /cm? EPI (10 Qcm) 4.96E+15 /cm? Dependence on the particle type

= Yes = No
or error of the fluence ??
= Yes (light injection) ?? f f

resistivity Electrons (200 MeV) | Electrons (5 MeV)
[Qcm]

Chuan, AR meeting 09.06.21:

10 (EPI) no data no data =4.18E+13 no no data —_— EPI (10 Qcm), 6 MeV electrons
2.39E+14 /cm? => yes ?7?
50 (EPI) >7.8E+13 no 1.59E+14 fcm? => yes 27
3.98E+13 /cm? => yes
<4.28E+13 yes <1.2E+13 yes =7.14E+12 yes <7.6E+12 yes
100 (C2Z) = 2E+12 yes no data no data no data
250 (EPI) 27.8E+13 no =7.8E+13  no Dependence on the particle enery??
<7.8E+13 (no data) no data =2.36E+12 vyes =3.8E+12 vyes
1000 (EP1) no data no data =1.19E+12 yes no data

Chuan, AR meeting 03.02.21/ 27.04.22:
EPI (250 Qcm) 4.28E+13 /cm?

= No (before annealing)

= Yes (after annealing)

v
— Indicates resistance dependence & fluence dependence

Chuan, AR meeting 03.02.21/ 27.04.22:
EPI (2k Qcm) 4.28E+13 /cm?

= No (before annealing)

= Yes (before annealing, light injetion) ??
= Yes (after annealing)

33
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Summary

Chuan, AR meeting 16.09.2020:
EPI (10 Qcm) 4.28E+13 /cm?
= Yes

= No

Chuan, AR meeting 19.08.20:
EPI (10 Qcm) 4.96E+15 /cm?

= Yes (light injection) ??

RD50 ¢

Dependence on the particle type
or error of the fluence ??

Chuan, AR meeting 09.06.21:
EPI (10 Qcm), 6 MeV electrons
2.39E+14 /cm? => yes ?7?
1.59E+14 /cm? => yes ?7?
3.98E+13 /cm? => yes

E/RW
ot

Dependence on the particle enery??

*  Not visible at high fluences (fluence dependence)
*  Resistance dependence (?): higher doping
x-defect still visible at higher fluences
*  particle energy dependence (?): low energy particles

seen in all Gamma-irrad. Samples (!)

=> Point defect that dissapears when

resistivity Electrons (200 MeV) | Electrons (5 MeV)
[Qcm]
10 (EPI) no data no data =4.18E+13 no no data —_—
50 (EPI) >7.8E+13 no
<4.28E+13 yes <1.2E+13 yes =7.14E+12 yes <7.6E+12 yes
100 (C2Z) = 2E+12 yes no data no data no data
250 (EPI) >7.8E+13 no =7.8E+13 no
<7.8E+13 (no data) no data =2.36E+12 vyes =3.8E+12 vyes
1000 (EP1) no data no data =1.19E+12 yes no data
X-defect:
Chuan, AR meeting 03.02.21/ 27.04.22:
EPI (250 Qcm) 4.28E+13 /cm?
= No (before annealing)
= Yes (after annealing)
v ] ] produce X-defect
— Indicates resistance dependence (!) .
Chuan, AR meeting 03.02.21/ 27.04.22:
EPI (2k Qcm) 4.28E+13 /cm? & fluence dependence
= No (before annealing)
= Yes (before annealing, light injetion) ?? cluster formation increases ??

= Yes (after annealing)

02.09.2022 anja.himmerlich@cern.ch
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60Co Gamma irradiated FZ Diodes investigated @ Hamburg - 7/
Chuan AR meeting 21.06.2022
8.0E-11 8.0E-11
. co 10 K . co 10 K
7.0E-11 4 n —20 K 7.0E-11 4 - —20 K
! 30 K " I — 30 K
6.0E-11 VO _ & 6.0E-114 VO 10K
__5.0E-114 | —30 K __ 5.0E-114 —30 K
= . | —G6 K | = . —_— 60 K
“: 4.0E-11 ' 70 K T 40E-114 70 K
g - —80 K| 5 ] ——30 K
£ 308115 0 K £ 305113 40K
“ 20E114 — 100 Kff © 20E114 — 100 K
10E-114  E40K 1.0E-11+4 %K BO +1 -
0.0E+00 g— N\ — 0.0E+00 4 N I I N
-1.0E-11 - ] - L] - L] - L] - L] - ] - ] - L] w T L -1.0E-11 bl L] b | — L) ol T - | a— | p— 2 | ol | p— | —
20 40 60 80 100 120 140 160 180 200 220 20 40 60 80 100 120 140 160 180 200 220
T (K) T (K)

* P-stop diode, 100 Mrad (left) / P-spray diode, 100 Mrad (right)
+ Same experimental parameters but with different T,

+ The amplitude of E40K, VO, C,0O, V, appeared strongly temperature dependent

35
02.09.2022 anja.himmerlich@cern.ch



Chuan AR meeting 16.08.2022

200 Mrad, Tfill = 30K, V=-300V)

60Co Gamma irradiated FZ Diodes investigated @ Hamburg

Annealing study
1.2E11
—— 15min_100C
—— 15min_120C CcO.
LOEIlY  —— 15min_140C ;
= 15min_160C
8.0E-12 < 15min_180C
| 15min_200C
6.0E.12 15min_220C 200°C
= 15min_240C 260°C
E 15min_260C
S A0E-12+
Q
1 H(40K)
2.0E-12
0.0E+00 o
o
-2.0E-12 v v v v r v v v
20 40 60 80 100 120 140 160 180 200 220
T(K)

Current (A)

-1.0E-26

-2.0E-13

1.0E12

A%%a)
ZRD50 ‘iE/RW

100 Mrad, Tanneal = 170°C
bias dependence

no poole frenkel effect

8.0E-13 =

6.0E-13 =

4.0E-13 =

2.0E-13+

10
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