Defect spectroscopy studies on irradiated LGADs
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What other defect formation Can we get information about gain-layer
tofect concentration mechanism lead to the defects by using defect spectroscopy
introduction rate (IR): gB = Fluence deactivation of acceptors? methodes like DLTS or TSC?
2

03.03.2022 anja.himmerlich@cern.ch



S
.Q_g:&‘ 17 Trento Workshop Cw

Z1RD50 \
Samples e
p-type Si diodes (n*p): CNM & HPK LGADs & PiNs o tron irradiated
@ Forschungsinstitut fir LGAD - HPK W36 S3 1E+13
17\ I Mikrosensorik GmbH
333 PiN — HPK W42 S4 1E+13

p-type Si of different

G LGAD - CNM W2 1E+14 ~30
resistivity: LGAD - CNM W3 1E+14 ~30
10 Qcm
2,6 mm 250 Qcm LGAD — CNM W2 1E+15
CNM RUN-11486 W3_A12, F: 1 KHz, T: —20°C
1k.(2cm .‘. --e-- unirrad
A A N irrad: 1x10*
Material: CNM LGADs: SOl -wafer (run11486) — (351 um thick): - \
Standard EPI diodes B-doped active p-type layer: resistivity > 5000 Qcm, 50 um 3 CNM: 1E+14 n.,/cm?
area = (2.632 x 2.632) mm? oxide layer (1 um) § el Lt
nominal active thickness = 50 pm p-type support-wafer (B-doped, 300 um, low resistivity) I
gua rd rings area = 0' 09 sz 0 25 50 5 100 125 150 175

Voltage, V

passivation with openings for conection;
on back and front side openings for light
injection

HPK LGADs: CNM RUN-11486 W2_W22, F: 1 kHz, T: —20°C
B-doped active p-type layer: 50 um —— unirrad

support wafer thickness: 300 um : 5
area = (1.3 x 1.3) mm? CNM: 1E+15 n./cm

Capacitance, F

Neutron irradiation up to 1E+14 n/cm?

e
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1o 20 40 60 80 100 120 140 3
Voltage, V



DLTS

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 (capacitance transients)

temperature T

b

Moll thesis 1999
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Defect parameters:
activation energy
capture cross section
defect concentrations
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Capacitance, F

Is DLTS capable to characterize defects in neutron irradiated LGADs ? \IRD50 o)

Frequency dependence

LGAD — HPK (1E+13 n,,/cm?)

unirradiated

HPK-P2 LGAD W36 (Split 3) Unirradiated

-20°C

0 10 20 30 40 50 60 70 80
Voltage, V

500 Hz
1 KHz
10 KHz
100 KHz
1 MHz
10 MHz

L2
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irradiated

HPK-P2 LGAD W36 (Split 3) 1E13neq

10—10 |

Capacitance, F

-20°C —— 500 Hz

—— 1 KHz
—— 10 KHz
—»— 100 KHz
—+— 1 MHz
—»— 10 MHz

DLTS uses 1 MHz

10 20 30 40 50 60 70 80
Voltage, V

after irradiation: capacitance drops at higher measurement frequencies
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Is DLTS capable to characterize defects in neutron irradiated LGADs ?

Capacitance, F

Frequency dependence

LGAD - CNM (1E+14 n,./cm?)

R11486_W3_A12, Fluence: 1x10'4

Pl -+~ 100 Hz
T -~ 400 Hz
) -+- 1KHz
LR S S -e- 4 KHz
-+~ 10 KHz
* -+- 40 KHz
-+~ 100 KHz
.-t *f—r-‘.—"\-."'; -=- 400 KHz
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R11486_W3_Al2, Fluence: 1x10%

R T N
i, A . /A

- 10V &-20°C |
g —+- 20V &-20°C
:!*_5':-*\‘":‘ -+- 10V &-10°C
\;“ ::\‘\1\ +20°C  -+- 20V &-10°C
NN -+- 10V& 0°C
AN RHAY —+- 20V& 0°C
R B T -+- 10V & 10°C
'\::\ \::\ ‘;\\ \‘\\\i -+~ 20V & 10°C
e \:{‘\ }\;\ ¥, -=- 10V& 20°C
NN N \\\\ ‘\:\ -e- 20V & 20°C
RN
W e TN .
NG T ““\‘ \"\‘:\\.‘
-20°C i S Ay S
10° 10°
Frequency, Hz

AF - 4C

AT - 4C
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Is DLTS capable to characterize defects in neutron irradiated LGADs ?

LGAD - CNM (1E+14 n,/cm?)

R11486_W3_Al2, Fluence: 1x10**

Capacitance, F

Frequency dependence

| -+- 100 Hz
e
| W -+- 400 Hz
1\\ -+- 1KHz
¢t ey, “ -+- 4 KHz
‘\\\ \ -=+=- 10 KHz
',1'. -+- 40 KHz
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.-+ '-f—f‘.".\.“1 1 === 400 KHz
1,0—].0: 1 v 1|. -~ ] MHz |
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275 30.0 325 350

Voltage, V

200 225 25.0

DLTS defect characterization:
performed at

low T (> 20K) and high frequency (1MHz)

Capacitance, F
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R11486 W3 Al2, Fluence: 1x10%4
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Results from DLTS measurements

Capacitance in the GL
drops to the bulk value

—

are not reliable

not successful using DLTS
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TSC studies

TSC: Thermally Stimulated Current
(1) Cooling down to Ty
junction under reverse bias = defect states free of charge carriers

(2) Filling @ Tg;:
Electrical (or optical) Injection pulse = injection of minority
and/or majority carriers
— occupation of defect levels in dependency of their individual
capture cross-section for electrons and holes at Ty

(3) Heating at a constant heating rate:
junction under reverse bias & temperature raised
—> monitoring the discharging current due to thermal emission from
defect levels

Defect concentration calculation R @
using the integrated peak area: Lo — < qo AW

TSC-signal [ pA |
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100 ¢

(2)

| injcction

0.1

stcady statc gencration current

emission (3)
of trapped charge

(1)

Moll thesis 1999

e 100 150 200

T[K ]
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I1(A) normalized to BiOi peak height

Defect studies on neutron irradiated p-type EPI diodes

EPI-diodes:

same B-doping different fluence

UR=-100V, UP=10-20V, tfill=30-60s

4.0
3.5
-3.0-
—
-2.0-
1.5
-1.0-

-0.5

| Eo)

0.0

250 Qcm

H(40)

VOI
120 CiCs

Tfill = 70K !

250 Qcm -
3.3E+14 n/cm?

cluster defects
H(116), H(1140),
H(152) ...

same fluence different B-doping

UR=-100V, UP=10-20V, tfill=30-60s

24

1 E@Go

250 Qcm & 1k Qcm

H(40)

cluster defects
H(116), H(1140),
H(152) ...

1 kQcm
7.8E+13n/cm?

7.8E+13 n/cm?

I = I S 1 * I
100 150 200
T(K)

O higher fluence: defect ratio changes (e.g. more cluster related defects)
O low resistivity material: BiOi defect dominates

O BiOi concentration increases with fluence

O IR dependence on fluence and N (increase if ¢ < 1E+14 n,,/cm? & N < 2E+14 cm™)

introduction rate (1/cm)
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__defect concentration

fluence

IR rate vs. initial B-concentration:
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14 B el =g e - =
] - -2 o : ]
] AT ; ]
i gl | 50 Qcm i
~t7 _#* [250Qem] | ]
" (/‘ CZ-proton
' .
0.1 +4.7 I 1 -
1 kQecm } E
|
1
] \
elfctrzogoi;'\;lai!/ o - proton irrad (230 MeV)| |- — Parametrization Torino
w eV (not anneale ; (devided by 2)
--@--200 MeV annealed p‘rot‘t‘)n‘lrrad (E2:00Y) ~ = defect kinetic model
O 5.5MeV ; (9=2, [C,]: 7.5E+14cm-3)
0.01 == ] vt
1E13 1E14 1E15
Neff (cm-3)

For details of the parametrization see:
= Moll, PoS 2019 VERTEX
= Ferrero et al. NIMA 919 (2019) 16-26
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TSC studies on neutron irradiated PiN diodes ZIRD50 )

Comparison PiN diode and EPI pad diode (PiN-diode: higher fluence!!)

IE
CNM-PiN i

1E+14neqg/cm?
UR =-100V

0 Comparable defects formed

12 H H(40)

-I(PA)*

120 VOI
CiCs Tifill=75K!

EPI(1 kQcm)

1 cluster defects  /-8E+13n/cm?
-2 - UR =-100V

BiOi
. |

r T T ¥ T " !
ofamibel 5D 100 150 oo
T(K)
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TSC studies on neutron irradiated PiN diodes ZIRD50 )

Comparison PiN diode and EPI pad diode (PiN-diode: higher fluence!!)

22 ' T v T T T v T 22 i ' ' ! ) . ' J
20 1 I _' 20 1 } J ]
18 4 CNM-PiN N 18 - CNM-PiN i
1 1E+14neqg/cm? 1 % 1E+14neg/cm? -
16 - UR = -100V . 16__ UR = -100V ]
141 _ 14 4 HPK-PIN 1
| 1 1E+13neq/cm? |
124 | H40) . ) 129 | Ha4o) .
< 10 _ < 10 x10 ]
5 A ] S *
\_I/ 8 = - _I 8 _-' —‘4
6 ] 6- :
4 120 VOI 1 4 y -
2 ] CiCs Tfill=75K! i 51 ]
1 EPI(1 kQcm) 4% EPI(1 kQcm)
. =8 7 cluster defects ~ 7-8E+13n/cm? 0 ] cluster defects  /-8E+13n/cm?
-2 _. BiOi UR =-100V _2 - BiOi UR = -100V
4 —- :| -4 - /\/\/ 4
' , ’ ; ‘ |

T
*spectra are shifted

T . T ¥ T Y T 1 T T T
mmbvwseield 50 100 150 200 i y.directon 50 100 150 200
T(K) T(K)

O HPK PiN lower fluence: significantly less defects detected (defects in the T-range of 125K - 200K)

11
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TSC studies on neutron irradiated LGADs (depletion of the full device) Z/RD50

Comparison LGADs with PiN diode
(depletion over the full device):

100 T T T T T T T T
1 UR =-100V
80 + H(40)
CNM-W2-LGAD
1E+14neq/cm?
60 — UR =-100
< |
o CNM-W2-LGAD
_' 1E+15neqg/cm?
40 UR =-100V
20 q 1y30)
—_ I CNM-PiN
é S 1E+14neqg/cm?
= | UR = -100V
0 " T ’ T : T y T !
50 100 150 200

17 Trento Workshop

O identification of radiation induced defects possible

Charge carrier amplification:

O background leakage current starts to increase
already at T < 150K:
= defect levels in this range not detectable

O current amplification in the LGAD (even at low T):

... in dependency of the gain-layer deactivation due to
radiation

= exact determination of the defects concentrations not
possible

Il BiOi-IR~ 1.8 cm™ (lower fluence)
BiOi-IR ~ 0.2 cm™? (higher fluence)

O signal mainly from the bulk (?)

03.03.2022 anja.himmerlich@cern.ch
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100 T T T T
UR =-100V
80 1 H(40) | ;
| CNM-W2-LGAD
1E+14neqg/cm?
60 UR = -100V
< |
g CNM-W2-LGAD
- 1E+15neq/cm?
7.(3 UR = -100V
HPK-LGAD
20 9 H(30) 1E+13neq/cm’
18 _ | I I I !
g= | CNM-PiN
S 5- 1E+14neq/cm?
= ] UR =-100V
0 T T T T !
50 100 150 200

TSC studies on neutron irradiated LGADs (depletion of the full device)

-I(pA)

Iy,

‘\!‘é‘/‘ 17th Trento Worksho /_Wl
£ P CERN
\YRD50 \

Nl

Defect current signal very high
(strong amplification effect)

. : . I { : . ;
12000004 UR =-100V N
1000000 [
1 CNM-W2-LGAD
1E+14neg/cm?
2000001 UR = -100V
] |
CNM-W2-LGAD
6000007 1E+15neg/cm?
] ‘ UR =-100V
400000 -~ | |
200000 - ‘-' | (E+13neg/om
18— , : . . . qjll
105 CNM-PiN
& 5] 1E+14neg/cm?
= i UR =-100V
0 . T . - . . . . !
- 100 150 200
T(K)
13
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TSC studies on neutron irradiated LGADs (variation of the reverse bias)

NS
HPK-LGAD: 1E+13 neq/cm?
UsL-depr, : -0V Defect current signal very high
(strong amplification effect)
1.0E-07 - . : : - ; - l /
1 lowering the reverse bias e— U'R _ _10'0\/ ' y ' ' '
8.0E-08 - 46.0K il . N
1000000
R g 90.8 K | CNM-W2-LGAD
< 8 800000 - i
® 6.0E-08 | . Z '
b | e UR =-100V
@) oV 400000 |
@ 4.0E-08 —\ HPK-LGAD . - :
' 70y (1E+13 neg/cm?) 00000
18 +— . . e
| I I I I l
2.0E-08 - ~ 10 1 CNM-PiN
-60V f:g 5] N_/\\/\/\ 1E+14neqg/cm?
- 0 1 - I i ' : I . U:?=—100V !
&'_/L 50 100 150 200
T i T ¥ T T T(K)
50 100 150 200
temperature (K)
O defect induced TSC signal decreases
... Defect current signal (90.8K) @ UR=-50V about 1pA = @ -80V signal about 1.1E+6 higher 14
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HPK-LGAD: 1E+13 neq/cm?

UGL-depI. 1 -50V
1.0E-07 —— . - . l - n
lowering the reverse bias
8.0E-08 - 46.0K ¥i
Ny 90.8 K
< s
® 6.0E-08 4 .
C
2
= !
O -80V
E 4.0E-08 - HPK-LGAD -
' 7ov (1E+13 neg/cm?)
2.0E-08 - E
-60V

= I
50 100
temperature (K)

T T
150 200

O defect induced TSC signal decreases
.. Defect current signal (90.8K) @ UR=-50V about 1pA = @ -80V signal about 1.1E+6 higher

[BIiOI]

TSC studies on neutron irradiated LGADs (variation of the reverse bias)

1E20
1E19
1E18
1E1#
1E16
1E15
1E14
1E13
1E12
1E11
1E10

1E9

1E8 +

SEA

."4

neutrons (TSC & DLTS)

Pad diodes

DLTS (open symbol)
TSC (full symbol)

17 Trento Workshop Cw
\IRD50 {

Nl
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HPK LGAD

m UR=-80V: IR=1.6E+6

\
m UR=-70V: IR=55.478

B UR=-60V: IR=4.597

_______ a__ = _...._.___.._

Bii s g

| UR——SOV. IR=1

UR < 50V BiOi not detected

—#—10 Qcm
@50 Qcm
A— 250 Qcm
-1 kQcm

1E+10

A
1E#11 TE+12

T T T rrre

ey " i
1E+13 1E+14 1E+15

fluence (neq)

03.03.2022
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-1 (pA)

TSC studies on neutron irradiated LGADs (variation of the reverse bias)

CNM-LGAD: 1E+14 neq/cm?

UGL o .30V lowering the reverse bias:
-depl. °
T T T Urev:
250 - Tfill = 20 K, tfill = 60s, UP = +20V -10V
——15V
H(40) 17N
——. 30V
200 - — .25V
-30V
——-35V
-40V
150 - -50V
——-60V
-100 V
100 + —
|
50 1 H(30) i
q
\‘
o] A\ |
|
200

background current amplification decreases

T(K)

300

250

200

150

-I(PA)

100

50

-I(pA)

o O OO
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7.
CNM-LGAD ' ' '
1 1E+14neqg/cm?
H(40)
- UR =-100V
_ I
] CNM-PiN
- 1E+14neqg/cm?
| UR =-100V

I
200

16
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TSC studies on neutron irradiated LGADs (internal fields)

TSC measurement cycle:

bias (V)

rvoltage step ——

20 g T T z
4 Uﬁll /
0 i
4 UUp
201 filling pulse ]
(TAill = 20K)
] heating up/
I measuring
-60 - (20K to 220K)
| cooling down
(220K to 20K)
-80 - A
Udown Ustep
-100 .
1300 1350 1400 1450 1500
time (s)

O TSC signal intensity & sign depend on
the reverse bias U,

O Sign changes at U, about - 25 V

O If Uy, > Uggeprt Signal sign as ,expected”

CNM - 1E+14 neq/cm?

(UGL—depI— ~ '3OV)

==

RD50

17 Trento Workshop

- TSC signal (pA)

-100

Ugown =-100 V

To=20K, t;,=60s, Vg =20 V

Ugtep =-100 V

step

different U,

oV
-12V
-15V
-17V
-20V
-20V
-22V
-25V
-30V
-30V
-35V
-35V
-40V
- 50V
-100V
-150 V

T
100

T
150

temperature (K)

03.03.2022
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TSC studies on neutron irradiated LGADs (internal fields)

TSC measurement cycle:

20 T T T T T - rvoltage step ——
Uﬁll /
0 i
Uup
= filling pulse ]
> (TAill = 20K)
2] —
2 * heating up/
] measuring
-60 - (20K to 220K)
cooling down
(220K to 20K)
-80 - 4
Udown Ustep
-100 .
1300 1350 1400 1450 1500
time (s)

,Changes in the TSC current sign due to
internal residual E-fields induced by high
defect concentrations after high neutron

Irradiation”
= M. Bruzzi et al. NIMA 2010 & PoS 2009

(UGL—depI ~ 'SOV)

vcool Vwarm[V]

AL
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O Sign change of the TSC signal at
u,, about - 50 V

-60V

IIII|IIII|IIOI|IIII

l 1 1 1 l 1 1 L l 1 1 1 I 1 1 1 I 1 1 1 l 1 1

bias » " pjag
-80, -30
—— -80, -35
z Pr —— -80, -40
& - ’
- C -80, -60
§o 10 = — 0, -35
O - — 0, 35
% 5 -
:
- :_
-10 |
-15 TR N TR
20 40 60

80 100 120 140 160 180 200
Temperature [K]

internal electrical polarization fields here observed in irrad. LGADs: induce an inverse current signal
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e DLTS & TSC characterization of HPK & CNM LGADs & PiNs irradiated with neutrons (1E+13 — 1E+15 neq/cm?)
* DLTS studies of LGADs restricted by the capacitance drop observed after irradiation

* TSC: Identification of irradiation induces defects possible
= higher irradiation: more defects & less gain
— assignment of defect levels to the gain- or bulk-area is challenging

I due to the gain layer:

pronounced charge multiplication effect & leakage current amplification in the LGADs
- effect decreases with higher radiation (GL destruction)
- restrict defect determination & defect concentration determinations
- gain effects observable also at very low temperatures

* Defect induced internal polarization fields that influence the sign of the TSC current signal

QOutlook

... using defect parameters from DLTS & TSC to simulate TSC spectra + comparison of the PiN & LGAD data
... ongoing identification of irradiation induced defects that degradate the device performance

... investigate highly irradiated, highly B-doped (1E+17 cm3) Si pad diodes that mimic the LGAD gain layer

19
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