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Motivation IRDS0 )
High energy particles Si E.>25 eV Vﬂﬂanﬂy - . pﬂfn t defects
Moll, PoS 2019 VERTEX (n, p*, e ...) - (LGAD) — * Lk = 'a |nter5t|tlﬂl (v_o' C-O, § )
jn Pihly boron-doped Ec.>5keV  point defects and clusters of defects

gain-layer (1E+17 cm-3)

= radiation induced degradation of the highly boron-doped gain-layer
= decrease of the signal gain with increasing particle fluence

,boron deactivation” = ACCEPTOR REMOVAL EFFECT by BiOi formation

N
» Most typical radiation induced reaction:
Conduction Band : Conduction Band
Ec Sii+B,=> B, Ec
donor

acceptor BS

el B B+02 BO: | * muemmeswzmem X
.

1M [004]

N\ \

induce positive space charge

-

induce negative space charge

17.11.2021 anja.himmerlich@cern.ch



-Q\g‘«!a"'/‘ 39 RD50 Workshop CERN
Motivation \IRD50 ‘Dl
High energy particles Si E.>25 eV Vﬂﬂﬂf cy - . pﬂfn t defects
Moll, PoS 2019 VERTEX (n, p*, €...) - (LGAD) — kg < Interstitial (v_o' C-D, § }
A n't Gathede \
< ! :
E E,>5keV  point defects and clusters of defects
p :
B =
P, 4 i " = radiation induced degradation of the highly boron-doped gain-layer
£ = decrease of the signal gain with increasing particle fluence
p"* o ,boron deactivation” = ACCEPTOR REMOVAL EFFECT by BiOi formation

Boron-removal IR vs. initial boron concentration
31—

defect kinetics model (almost all intersitials go into BiOi or CiOi)

50 E & Wafer - neutron irradiated
[ hade - EPI (23 GeV protons)
1 Diode - EP| (neutrons) % . Torino Parametrization:
& Dlode- MCz (23 GeV poons for LGADs: generation rates that reflect the Ferrero et al. NIMA 919 (2019) 16-26
—_ 10- : jode - nEZr:::rbn$ - . . .
FE sl = D (o o) 5 observed AR (deactivation of boron) cannot be explained by the
S | roemtetoaion BT ! interstitial related defect concentrations observed in highly B-doped Si
M ' S
o 1t P
0.5F /’/Preliminary Data 1
fr/ —-— Defact Kinetics Modal 1
o S o M LGAD: 2 * g(BiDi)
0.1 ) ‘I :,’ @ Diode EF1- 2 ‘g[EIlDl]I |
' T|[1|]12 {013 ] 1614 1615 1d1B 101?
Na ol cm™ ] 3
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High energy particles Si E.>25 eV EE.‘-ET cy . Poin t defects
Moll, PoS 2019 VERTEX (n, p* e ...) — (LGAD) > Ly - V-O. C-O
Interstitial (V-0, C-0, ..)

A n" Cathode

= radiation induced degradation of the highly boron-doped gain-layer
= decrease of the signal gain with increasing particle fluence

Ex>5keV  point defects and clusters of defects

,boron deactivation” = ACCEPTOR REMOVAL EFFECT by BiOi formation

Boron-removal IR vs. initial boron concentration
31—

defect kinetics model (almost all intersitials go into BiOi or CiOi)
SOF 3 Diode -1 (23 Gev proons) , o
= Diode - EP| {neutrons) % . Torino Parametrization:
& Dlode- MCz (23 GeV poons for LGADs: generation rates that reflect the Ferrero et al. NIMA 919 (2019) 16-26
—_— 10 K : 3 &-.nEZr:::anﬁ . . . .
FE st COAD (oror o o) ,@m-'- observed AR (deactivation of boron) cannot be explained by the
S | roemtetoaion BT interstitial related defect concentrations observed in highly B-doped Si
[is) eV T
o 1t : r ]
0.5f | " Preliminary Data 1 What other defect formation Can we get information about gain-layer
) ,ff—-— Defect Kinetics Model 5 . .
v /) mieo 2 gEo) mechanism lead to the defects by using defect spectroscopy
Ry ," @ Diode EPI- 2 * g(BiCi) . . i
O Bl it deactivation of acceptors? methodes like DLTS or TSC?
10 10 10 10 10 10
Na ol cm™ ]
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DLTS & TSC 7

>

capacitance transients monitored
at various temperatures

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

_VT‘_’ ___________________________ 7 [sor
I i Defect parameters:
—L(__A—L ___________ ~____ activation energy
gy L — N — capture cross section
T ‘ .
g _________________________ 3‘ . defect concentrations
t, t, time AC,,=C(t,) - C(t,)
Moll thesis 1999
TSC: Thermally Stimulated Current 100;— steady state generation current .
(1) Junction under reverse bias during cooling down of the sample to T, ZQ injoction emission
- defect states unoccupied = 10} of trapped charge :
(2) Injection pulse (electrical or optical) = injection of minority and/or majority carriers &5 | ]
—> occupation of defect levels 5 1l i
(3) Junction under reverse bias & temperature raised & 5 /
- monitoring the discharging current due to thermal emission from the defect levels o1l ]

50100 150 200
TIK] Mol thesis 1999
5
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/ . HPK2 LGAD W36, Fluence: 1E13 neq, Temp : +20°C HPK2 LGAD W36, Fluence: 1E13 neg, Temp : +20°C \

LGAD - HPK 10—10-\\_ | | _ _ . —— Freq: 1KHz
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Pad current, A
Capacitance, F

—s— GR connected LGAD - HPK -
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Voltage, V Voltage, V
2
[ fuencenea/em) | UV -

HPK2 PIN W42, fluence: 1E13 ng,, Temp: — 20°C
LGAD - HPK W36 S3 — L15P5 1E+13 ~ 50 ,
—e— Freq: 1 KHz
PiN — HPK W42 S4 — L14P5 1E+13 ~5 10-1
LGAD H
PiN - HPK
1078 20 40 60 80 100
— K Voltage, V /
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/10_4 CNM RUN-11486 W3_A12, Fluence: 1E14 neq
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~ 30

~ 30

~2

SOl —wafer (run11486) — (351 um thick):

p-type active layer

(B-doped, resistivity > 5000 Qcm, 50 um)

oxide layer (1 um)

— p-type support-wafer (B-doped, 300 um, low resistivity)

wafer differ in gain layer:
= W2: medium dose / higher energy
= W3: high dose / low energy
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LGADs & PiNs neutron irradiated
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LGADs & PiNs neutron irradiated
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Capacitance, F

Frequency dependence

LGAD — HPK (1E+13 neq/cm?)

unirradiated

HPK-P2 LGAD W36 (Split 3) Unirradiated

-20°C
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HPK-P2 LGAD W36 (Split 3) 1E13neq
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after irradiation: capacitance drops at higher measurement frequencies
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Frequency dependence & temperature dependence

R11486_W3 Al2, Fluence: 1x10%4
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Capacitance, F

Capacitance, F

Frequency dependence & temperature dependence

R11486_W3 Al2, Fluence: 1x10%4

lD—LG 4

[ o
‘_".-_

-

- - - .

F P i AR -——-

-0 -0-—0-—g
“

==t A -k — ===

100 Hz
400 Hz
1 KHz

4 KHz
10 KHz
40 KHz
100 KHz
400 KHz
1 MHz

‘,‘_ [ “:
LLE T T T B T 4‘-“*-£Fh-o—o—.w

275 30.0 325 35.0

Voltage, V

20.0 225 25.0

R11486 W3 Al2, Fluence: 1x10%

10—9 4

10—10 ]

-w- 4V

-e- 2V _

-+- BV
- 8V

1oV
12 v
14V
16V
v
20V

107 10° 10¢ 10°
Frequency, Hz

R11486_W3_A12, Fluence: 1x10'#

Iy,
Y% 39 RD50 Worksho w
&6 P CERN
\YRD50 \

NS

LGAD — CNM (1E+14 neq/cm?)

AF - vC

'T - vC

DLTS defect characterization:
performed at

low T (> 20K) and high frequency (1MHz)
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drops to the bulk value

1071 | L L el ek el 8 25 i i = o=
= e = = e = e = —k==w"| .—: e
RS
L N T
l’f"'
l'o"r,’J
11
N iy -- 100 Hz
I 1020 4 1
w S P S -—e- 400 Hz
~ I -+- 1KHz
] .fj,‘ -+- 4 KHz
S -+- 10 KHz
1 -o-—a-a-o-0"" ‘. -+- 40 KHz
1071 7 -+~ 100 KHz
- -+- 400 KHz
JEPe I -+- 1 MHz
200 225 250 275 300 325 350 375 400
Voltage, V
R11486 W3 Al2, Fluence: 1x10%
1094 R T e T -+- 10V &-20°C
¥ “'\ ‘-T\ \\T e
TR TR TR Y, —e- 20V &-20°C
oo 420°C - 10V&-10°C
R U e YA —e- 20V &-10°C
K SHLH RN —+- 10V& 0°C
g AL A A -+- 20V& 0°C
= ‘\: NN —w- 10V & 10°C
= X ‘:: wWoN \::h -e- 20V & 10°C
S Moo e e N W - 10V 20C
g 10 NN R R Ny .- 20V & 20°C
o R
S20PC W T e TR W
"l e, e e -
B T Ty
107 10 10° 10°

Frequency, Hz

12

17.11.2021 anja.himmerlich@cern.ch




‘\?‘"!/‘ 39 RD50 Worksho
P P CERN
DLTS on LGADs Majority & minority carrier injection <IRD30 \/){

HPK-PiN (1E+13 neq/cm?)

peak I: peak lI(a): peak Ill: 0 s el bl B P":‘
Ei-E.~ 0.27 eV Ei-E.~0.3-0.33 eV Ei-E.~0.72eV
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m ' /
8, <001
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DLTS on LGADs

— Detection of a whole set of defects possible

— How trustable due to the capacitance drop?

Majority & minority carrier injection

— Defect concentrations not possible to evaluate
= BiOi of the gain-layer not possible to detect ¢ ¢ ~(s5ey

sigma ~ 10 °cm?

UR=-10V,UP =2V, tp=0.1 ms, Tw=20ms
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HPK-PiN (1E+13 neq/cm?)
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- TSC signal (A)

TSC on PiNs .. @
o = 2 AW
. oAV
HPK-PiN (1E+13 neq/cm?)
1.0 . T i T ¥ T ¥ T ¥ T T T T
Urev = -100 V, UP = 20V, ffill = 60s
peak-I| ]
THill
—— 30K i
0.8 - n
——35K
—~ 45K HPK - PiN
< —— 50K 5
2 60 K (1E+13 neg/cm?)
s 06 |—65K &
£ —— 70K
2 75K
80 K
8 044 |—85K '
|—
00 1 1 I N I N 1 N 1 N I N T
20 40 60 80 100 120 140 160 180 200
. temperature (K)
Urev I= -100V.l I ' ' ' - Pi y
Jup=aov (=618 nagi |
4 Thll=20K

peak-Ill
n; ~ 4E+11 cm3

38 40 42 44 46
temperature (K)

S
:ﬁj@"‘ 39t RD50 Workshop Cﬁw
Z{RD50 \
7
1013
[ « ® o e o & o Vhbias
p — -1000
L annealed
(] —e— 0
r'?_' .
5o *
-
= r ~ 2 _3
. ny~ 8E+12 cm
o o @ s ©®
L ] * ud
1o 30 40 50 60 70 80 90 _ « *
filling Temperature [K] T oM
&
ny~ 2E+12 cm?3
]0]1 i L I L i L !
30 40 50 60 70 80 90
filling Temperature [K]
Fitting & Simulation:
== best fit * data
0.8r peak-I
NT [m-3] = 8.816e+18
—_ Ea [meV] = 378.23
S O06F xs [(m2] = 9.437e-20 4
S \ peak-I
:;:“D i NT [m-3] = 1.952e+18
7 0.4} 4 Ea [mev] = 357.75
&) % Xs [m2] = 3.014e-22
w
=
0.2+
00 L L L 1 | N -
120 130 140 150 160 170 180 190 200
Temperature [K]
15
17.11.2021 anja.himmerlich@cern.ch



[S\

LB 39t RD50 Workshop CERN
. '/‘
TSC on PiNs o \3

CNM-PiN (1E+14 neq/cm?)

Bias dependence Filling-temperature dependence
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Variation of the depletion voltage (U.,.q. ~ -50V)
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Variation of the depletion voltage (Uye, ..~ -50V)
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= Defect level intensity strongly increases with increasing bias
... charge multiplication effect due to the gain
... carrier concentration determination difficult
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TSC on LGADs CNM - 1E+14 neq/cm?

Variation of the depletion voltage (Uye, ..~ -30V)

Tfill = 20 K, tfill = 60s, UP = +20V

| y : T T Urev:
250 - | } — - 10V
- CNM - LGAD — ]gg
| (W3-A12) -20V
200 | ﬂ -25V
-30V
o | ——-35V
o —-40V
| 190 — laov
= -
(?) -100V
@)
(D 100 - .
- 1
' x
501 | H@3o) 1
Al 92 vo
A A .
O . . . , , :
50 100 150 200

temperature(K)

Iy,
[\ 39 RD50 Worksho w
&8 P CERN
VIRD50 \
N2+

higher irradiation = more defect levels
detected (even if U,,, < Ugepr 1)

Defect level intensity depends on the reverse
bias applied
= peaks at low T: higher intensity if U,,, < Ugepiq,

less pronounced charge multiplication
effect compared to the lower irradiated
HPK-LGADs (especially at low T)

at higher T: leakage current amplification
remarquely increase with the applied voltage
= overlapp the current signal fom defects
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TSC on LGADs CNM - 1E+14 neq/cm?

Variation of the depletion voltage (Uye, ..~ -30V)

CNM - PiN (W2_X22) & CNM LGAD (W2_U23)

251 (1E+14 neg/cm?)
4 Urev =-100V,
UP = 20V, e
20 - tfill = 60s

- TSC signal (pA)

THill:
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50 100
temperature (K)

200
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NS

charge multiplication effect of the LGAD
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TSC on LGADs

Variation of the depletion voltage (Uye, ..~ -30V)

CNM - 1E+14 neq/cm?

+ implementing a high voltage step after the filling pulse

- TSC signal (pA)
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200

TSC measurement cycle:

bias (V)

Sign change of the TSC signal at U, about - 25 V

20

-20

-40

-60

-80

-100

=

<

XX

% RD50

2

39 RD50 Workshop

rvoltage step——

Uﬁll /

i U, 4
] filling pulse i
(TAill = 20K)

i heating up/
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. (20K to 220K)-
| cooling down
(220K to 20K)
Udown Ustep
13l00 ' 13'50 14l00 14'50 ' 15l00
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(UdepI-GL - '30\/)
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TSC on LGADs

TSC-signal [pA]
IIIIIIIIIIIIIIJ
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HPK — 1E+13 neq/cm?

Variation of the depletion voltage (Uye, ..~ -50V)
+ implementing a high voltage step after the filling pulse
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TSC measurement cycle:
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Sign change of the TSC signal at ca. - 50 V

(UdepI-GL - '50\/)

= internal electrical polarization fields
that 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 neg/cm?)
e DLTS studies restricted by the capacitance drop observed after irradiation

e TSC: Detection of a variety of defect states possible
= higher irradiation: more defects & less gain
= assignment of defect levels to the gain- or bulk-area is challenging, but ongoing

pronounced charge multiplication effect & leakage current amplification
- effect increases with higher radiation & higher T
- overlapp defect emission currents
- restrict defect determination & defect concentration determinations

* Reverse internal fields possible to ,activate” - influence the sign of the TSC current signal

Outlook

... 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 diodes: ....fabrication?
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