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aniversitatfreiburg It’s all fun and gain until the Boron gets removed C“/W
Low Gain Avalanche Diodes (LGADs) \\_/
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Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25

PIN diode with built-in amplification

Gain achieved by implanting layer with high doping
(Boron) concentration

Results in very strong electric field
= Avalanche & amplification

Large & fast signals

Gain layer degrades with irradiation until it is fully
removed

De-activation of doping in gain layer?

= Is the Acceptor Removal Effect the main culprit?
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The Good, the Bad, and the B;O; CE/RW
L

Defect Kinematics

7
SiiBs |
BiBs ‘ B;0O; formation
O Si; + Bs — Bi — Bi + O; — B;O; J
BIOI
B;Cs ‘ C;0; formation
Si; + Cs = C; — Cij + O; — C;04 J
’ CiCs )
» Some defects are detrimental for
CiPs K detector performance (B;O;)
.0, »> Some are not so bad (C;O;)
» The formation of Si;Bs has been
proposed in literature as an
f f f f f f alternative to the formation of B;
-100 0 100 200 300 400
i: Interstitial Temperature [°C]
s: Substitutional (20 min annealing)
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In search of the lost acceptors
Acceptor Removal Effect (ARE)

» Acceptor Removal Effect is the apparent deactivation of acceptor dopants (Boron) by radiation

> Observed macroscopically as a change in the effective doping concentration N and gain-layer degradation)

Current understanding

>

>
>
>
>

v

Boron dopant on lattice site Bs provides negative space charge
Bs is kicked-out by migrating Silicon atoms
Becomes interstitial B;
B; is highly mobile and forms together with Oxygen interstitial impurity O; the B;O; defect
B;O; provides positive space charge
Si; + Bs — B; —» B; + O; — B;O;
~—~— ~~
neg. space pos. space

charge charge
Removal of 1 Boron atom results in formation of B;O;, which essentially compensates a second Boron dopant
Effective doping concentration Neg should anti-correlate with twice the B;O; concentration

Can we see this in measurements?

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25
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universitatfreiburg Measurements on ARE EE/RW
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> . . .
» DLTS measurements of ~y-irradiated Silicon diodes izeenie s in itk widh dless ((Be peins)

> Identify B;O; defect

» Concentration increases with irradiation dose

» Change with radiation is linear, with slope —1

» Two times B;O; concentration versus dose is linear
with slope 1 (black points)

B Anya HiMMERLICH ET AL.: Defects and acceptor removal in % ¢Co ~y-irradiated p-type silicon 10.1016/j.nima.2025.170886

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25 4 /28
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universitét-reiburg ARE Studies ‘ E/RW

» Studies have shown the expected behaviour of Ngg with B;O; concentration
»> Problem: All studies were carried out on high resistivity material (50 Q2cm to k2 cm)
» LGAD gain-layer is typically 1-10 2 cm

» Does the same process happen at these much higher doping concentrations?

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25 5/28



wniversititreiburg Understanding LGADs — One defect at a time C“/W

Motivation

» Study of radiation-induced degradation of gain-layer in LGADs

» We want to gain an understanding on the defect level

Problem

> It is impossible to directly investigate the gain-layer of a LGAD with DLTS and TSC measurements J

Solution

» We produced a specific set of diodes for defect spectroscopy measurements

» The bulks mimic a gain-layer, i.e. they have a very high doping concentration

» Understand the acceptor removal effect (ARE) in irradiated gain-layer of LGADs

» Parametrise the ARE for various Boron, Phosphorus, Carbon and Oxygen concentrations and irradiations

» Find defect engineering solutions to maximise the radiation-hardness of gain-layers

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25 6 /28



Gain-Layer Project Diodes (GLPDs)

universitatfreiburg

» p-type Silicon pad diodes, FZ and DOFZ wafers

> 2Qcm (6.5- 10 cm=3) and 10Q2cm (1.3 - 10'° cm~3) wafers,
250 ym and 525 pm thickness respectively

> Large diodes 6.25 mm?2, small diodes 1.56 mm?
» Phosphorus plateau co-doping for some wafers

» 3 Carbon implantation doses: 5102 cm=2, 5-1013cm=2 and 5- 10 cm—2
P 1/4 of each wafer without Carbon

» 19050 diodes in total on 25 wafers

P Plateau P Plateau
Yes Yes

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25
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A taste of Silicon: Now in six exciting flavours!

Flavour || Resistivity [2cm] DOFZ Phosphorus Plateau Carbon [cm—?]
A 2 no no 0,5-10!2, 5.10%, 5. 10
B 2 no yes 0, 5-10'2, 5.10%3, 5.10%
C 2 yes no 0,5-10'%, 5.10%, 5. 10
D 2 yes yes 0,5-10'2, 5.10%3, 5. 1014
E 10 no no 0,5-10'%, 5.10%, 5. 101
F 10 yes no 0, 5-10'2, 5.10%3, 5.10

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25
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Wafer Layout

01-09 01-24]
|02-08 02-09 02-24] 02-25
03-08| 03-24] 03-25 | 03-26
4 4 No Carbon 04-24] 04-25 | 04-26 | 04-27 No Carbon
01-14 | 01-15 |01-16}01-1: |05-24| 05-25 | 05-26 | 05-27|05-28
0211 [0212[02.13| 0214 | 0215 [0216]021 1[0222] [06-24] 06-25 | 06-26 |06-27] 0628 06-29
0310 | 03-11 [03-12[03-13| 0314 | 0315 [03-16[031 1[03220323) [07-24] 0725 | 0726 |07-27]07-28[ 0729
0410 | 04-11 [04-12[ 04-13| 0424 | 04-15 [04-16[041: 1[0422[0423) 0824 0825 | 0826 0827|0828
0510 | 0511 [05-12[ 05-13| 0514 | 0515 [05-16[05-1: 105220523 [09-24] 0925 | 0926 [09-27[0928
[10-02[10-03[10-04[10-05[10-06[10-07[10-08 06-10 | 0641 [06-12[ 06-13| 06-14 | 06-15 06-16{06-1: 1] 1024]1025 | 1026 |10-27|10-28[1029(10301031
[11-02[11-03[11-0[11-05[11-06[11-07[11-08 07-10 | 07-11 [07-12[ 07-13] 07-14 | 0715 |07-16[07-1: 1]07-22[0723 1124] 1125 | 1126 [13:2711-28[1129[1130[1131
[12-02[12-03[12-04[12-05[12-06[12:07]12-08] 0810 | 08-11 [08-12] 08-13] 08-14 | 0815 0816081 1[08-22{08-23] 12:24 1225 1226 [12-27[12-28[12.29[12:30]12.31]
13-03[13-04[13-0513-06]13-07[13-08] 09-10 | 09-11 [09-12] 093] 09-14 | 0915 0916|091 1] 13-24]1325 | 1326 |13-27|13-28[13-29[1330[13:3113.32]
14-03[14-04[14-0514-06]14-07]14-08] 10-10 | 1011 [10-12[1013[ 10-14 [ 1015 [10-1610-17]10-18[10-19]10-20[10-2110-22) 14-24[14-25[ 1a-26 [14-27[14-28[14-29 14-30[14-31)14-32
15-03]15-04[15-05[15-06[15-07]15-08] 1110 [ 3341 [11-12] 1113] 1114 | 1115 [11-36 111711181119 11-2011-21[11:29) 15-24[ 15-25 [ 15-26 [ 1527] 15-2815-29[15-30[15-3115-32
16-03| 16-07|16-08| 12-10 | 12-11 [12-12{12-13 | 12-14 | 12-15 |12-16]12-17|12-18)|12-19|12-20|12-21|12-22 16-24) 16-25 | 16-26 | 16-27 | 16-28 | 16-29 |16-30| "
17-07]17-08| 13-10 | 13-11 [13-12{13-13 [ 13-14 | 13-15 [13-16]13-17/13-1813-19]13-20{13-21{13-22 17-24]17-25 | 17-26 |17-27 | 17-2817-29[17-30|
18-07|18-08| 14-10 | 14-11 [14-12|14-13 | 14-14 | 14-15 |14-16|14-17|14-18)|14-19|14-20|14-21|14-22 18-24) 18-25 | 18-26 | 18-27 | 18-28 | 18-29|18-30|
19-07]19-08| 15-10 | 15-11 [15-12/15-13 | 15-14 | 15-15 |15-16|15-17|15-18)|15-19|15-20|15-21|15-22 19-24) 19-25 | 19-26 |19-27 | 19-28|19-29|19-30|
1 1 20-07]20-08| 16-10 | 16-11 [16-12|16-13 | 16-14 | 16-15 |16-16|16-17|16-18|16-19)|16-20|16-21|16-22|16-23 20-24) 20-25 | 20-26 | 20-27 | 20-28| 20-29 |20-30/20-31 20—32‘
‘erﬂ] 21-02[21-03|21-04/21-05|21-06(21-07|21-08| 17-10 | 1711 [17-12|17-13| 17-14 | 17-15 |17-16|17-17(17-18|17-19|17-20|17-21|17-22|17-23 21-24) 21-25 | 21-26 |21-27 | 21-28|21-29|21-30|21-31 21732‘
1 22-07|22-08| 18-10 | 18-11 [18-12|18-13| 18-14 | 18-15 |18-16[18-17/18-18|18-19|18-20(18-21|18-22|18-23 22-24) 22-25 | 22-26 |22-27 | 22-2822-29|22-30|22-31 22731‘
23-07|23-08| 19-10 | 19-11 [19-12/19-13| 19-14 | 19-15 |19-16|19-17/19-18|19-19|19-20|19-21|19-22|19-23 23-24) 23-25 | 23-26 |23-27|23-28|23-29|23-30|23-31
24-07|24-08| 20-10 | 20-11 |20-12)20-13| 20-14 | 20-15 |20-16|20-17)|20-18|20-19|20-20|20-21/20-22|20-23| 24-24)| 24-25 | 24-26 |24-27 | 24-28|24-29 |24-30|24-31
|25-05|25-06|25-07|25-08| 21-10 | 23-11 |21-12)21-13| 21-14 | 21-15 |21-16|21-17)|21-18|21-19|21-20|21-21/21-22)|21-23| 25-24) 25-25 | 25-26 | 25-27 | 25-2825-29 |25-30|25-31
[26-05[26-06]26-07]26-08] 2210 | 22-11 [2212[22-13] 2214 | 2235 [22-16[2217]22-18[22-19]22-20[22-21[22-22[22-23 2624|2625 | 2626 | 26-27 | 26-28] 26-29[26-30]
[27-03[27-04[27-0527-06[27-07]27-05] 2310 | 2311 [23-12[23-13| 2314 | 2315 [23-16[23-17[23-18[23-19]23-20[23-21[23-22[23-23 2724|2725 | 2726 |27-27|27-28] 27-29|27-39]
[28-04[25-05[25-06[28-07[2803] 2410 | 24-11 [24-12[24-13| 2414 | 2415 [24-16[24-17]24-18[24-19]24-20[24-21[24-22]24-23 2824|2825 | 2826 |28-27|2828[ 2829
2511 |25-12]25-13] 2514 | 2515 [25-16[25-17|25-18[25-19]25-20[25-21[25-22 2924|2925 | 2926 |29-27]29-28[ 2929
30-24[ 3025 | 30-26 [30-27 3028
108 31-24[3125 | 3126 [31-27
[32.07]32.08 32:24]3225 | 32.26
33-08 33-24[33.25
34-24
Wafer Info SMALL DIODES carbon no carbon BIG DIODES carbon no carbon
Name| CISxcyy dies| 424 318 106 dies| 338 252 86
xQem standard small| 404 303 101 standard big| 298 22 76
D0FZ| ves /o large backside window| 16 12 4 large backside window| 16 12 4
P Plateau| yes/no no metal/Hall| 0 o o no metal/Hall| 8 2
Carbon Dose| xx 1/em2 sims| 0 0 0 sims| 8 2
Thickness| 2Qcm: 250 um CToITE| o 0 0 CLToITF| 4 1
Thickness| 10.2 Qcm: 525 um long backside window| 4 3 1 long backside window | 4 1

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25

CERN
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universitat-freiburg Status Of the PI’O_]ect Cw

M. taken — expl ions pending \\

All diodes were produced at CiS and are now stored at CERN SSD group (in charge of distribution)
Initial set of (unirradiated) diodes was distributed to participating institutes

IV, CV and DLTS measurements were performed on the unirradiated diodes

SIMS measurements were carried out on dedicated diodes of all flavours

Hall measurements started

Fourier-transform infrared spectroscopy (FTIR) measurements planned

First irradiation campaign was carried out at CERN, 2 - 10 p/cm? at PS-IRRAD
P> DLTS measurements ongoing
P Measuring multiple annealing steps

VVvVYyVVYVY

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25 10 / 28



aversitatreburg Secondary-lon Mass Spectrometry (SIMS) CE/RW

v

SIMS measurements were carried out on dedicated structures at CiS

v

So-far only measured for the 2 Q2 cm diodes

v

Phosphorus doping (n** implant) as expected

v

Phosphorus plateau (compensation doping) as expected

v

Carbon and Oxygen: see next slides

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25 11 /28



aniversiit feiburg SIMS Results: Carbon Concentration Cw

! ——A-0C
= ! ——A-5E13C
> Flavour A: FZ 5 1o ! ——D-0C
. ——D-5E12C
» Flavour D: DOFZ, w/ Phosphorus g i D-0C
v N N
= ! ——D-5E13C
5 ' ——D-0C
1018 U | I | |
» Carbon implantation at expected IS ! ; ——D-5E14C
depth g U/// \\
. . 3 ! Y
» Increased concentration for higher e k\,\// i
. . o 1017
implantation doses 8 ; < ~ ~
»> No (extra) Carbon for w/o Carbon g ——
diodes 5!
v I
1016 .

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
depth [nm]
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» Flavour A: FZ
» Flavour D: DOFZ, w/ PhosphorusJ

» DOFZ diodes have higher Oxygen
concentration than FZ diodes J

» Highest Carbon implantation has
unexpected Oxygen peak at
700 nm depth

» Unclear increase of base Oxygen
concentration with higher Carbon
implantation (only for flavour D)

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25
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Before Irradiation: IV (2Qcm) CE{W

102 ‘ ‘ ‘ ‘ ‘
_af == A: FZ, Carbon 5E13 == = (C: DOFZ, Carbon 5E13 A
10 == = A: FZ, Carbon 0 == = (: DOFZ, Carbon 0 m
10_‘l F === B:FZ, P Plat, Carbon 5E13 ===« D:DOFZ, P Plat, Carbon 5E13
_5f "t B: FZ, P Plat, Carbon 0 === D: DOFZ, P Plat, Carbon 0
10} hon(_ ]
- N i
< 1076 - AL St IIA
» DOFZ has larger currents than FZ "é 10-7k ”-f..-";“:_-,-' peeeennnnas ]
PR A OO o
» w/ Carbon has larger currents E it ——— 1
» No consistent effect of Phosphorus © 1A
0-0p e S
‘. . X Ul e
10-1} (‘,uuu:—uuu\./.’. K - i
10—12 ! ! ! ! ! L L A
0 10 20 30 40 50 60 P

Voltage [V]
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universitatireiburg Before Irradiation: CV (2Qcm) CE?W
L

1.00F ' ' 5

=== A: FZ, Carbon 5E13
A: FZ, Carbon 0
------ B: FZ, P Plat, Carbon 5E13
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——== (C: DOFZ, Carbon 5E13
=== C: DOFZ, Carbon 0
D: DOFZ, P Plat, Carbon 5E13 7
''''' : DOFZ, P Plat, Carbon 0

—

~

(@)
1

» w/ Phosphorus consistently lower
capacitance

> All flavours deplete nicely

» Full depletion would be at around
300 kV

» ~ 1.5pm depletion depth @10V
(DLTS measurement voltage)

e

Capacitance [nF]
-
S

=

)

S5
T

Voltage [V]
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» Compensation from Phosphorus
visible (blue vs green curve)

» Carbon causes compensation(?)
close to surface (blue vs orange
curve)

» Effect of Carbon only visible
without Phosphorus plateau (green
and red curve identical)

» FZ consistently higher Ngg than
DOFZ (blue vs purple curve)

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25
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Before Irradiation: Results from Electrical Characterisations CE/RW

» All measurements show that the diodes are of excellent quality
» No early breakdowns, expected depletion behaviour
P> Some effects of the flavours are observed

» Similar results seen by the other institutes as well

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25 17 / 28
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Before Irradiation: DLTS CE’RW

» DLTS measurements on unirradiated diodes were carried out by CERN, NIMP and Vilnius institutes

» Diodes work nicely with DLTS
> Overall agreement between measurements at different institutes
P We have defined a standard set of measurement conditions for DLTS measurements

DLTS Standard Measurement Conditions
» Reverse bias U = 10V
» Pulse bias Up = —2V (forward) for majority & minority or 0.6 V (reverse) for majority carrier only injection
» Pulse duration tp = 100 ms
» Time windows Tyy = 19.2ms, 192 ms and 1920 ms

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25 18 / 28
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»

The spectra look more or less
identical for all flavours

All diodes have the hole trap
H135K

Not yet identified with a known
defect

Not responsible for leakage current
generation, since activation energy
is quite small ~ 0.27 €V, compared
to mid-bandgap

Concentration affected by flavour
and Carbon concentration not
consistently

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25

Before Irradiation: DLTS
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» Observed only for largest Carbon
dose 5 - 10 cm—2

» Negative peaks appear for majority
carrier only injection (should not
happen)

» Appears irrespective of flavour

» Not understood why this happens
v

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25

Before Irradiation: DLTS
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Problems with the highest Carbon dose

universitat-freiburg
510 cm 2 Carbon dose
» SIMS measurement show weird peak in Oxygen concentration
» Hall measurements show weird results
» Doping profiles from CV measurements show weird peaks
» Unirradiated DLTS has minority carrier peaks for majority carrier injection

= Further investigations needed

cw
\

THIS IS FINE.

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25
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Proton Irradiation CE/RW

universitatfreiburg

7%
» Test campaign to gauge proper fluence levels for DLTS measurements
> Set of all flavours were irradiated to 2 - 101 p/cm? at PS-IRRAD (23 GeV protons, 0.62 hardness-factor)
> For each flavour, one diode with and one without Carbon (only 5 - 103 cm—2)
b
> Both resistivities were irradiated
P For the 10 Q2 cm diodes, fluence level was too high for DLTS measurements
» All (2Qcm) diodes were measured after irradiation with DLTS
P Before annealing
P After 60 °C for 30 min
P After 60 °C for 80 min
P After 60 °C for 200 min (measurements ongoing) )

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3, CERN, 12.11.25 22/ 28



universitit{reiburg After Proton Irradiation: DLTS C\w

» Spectra look practically the same
for all flavours, albeit peak heights

» Forward and reverse bias injection
always measured to prope for
electron and hole traps

DLTS bl [pF]

» Extraction of defect parameters on

next slides
Majority

0 100 200 300
T [K]

= Majority & Minority

[ Identification of the V»(0/+): NIELS SORGENFREI ET AL.: On the nature and charge state of the X-Defect, a radiation-induced
Silicon defect with field-enhanced charge carrier emission 10.1016/j.nima.2025.171133
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After Proton Irradiation: DLTS CE/RW
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P Activation energies and capture cross-section are consistent throughout all flavours
> No differences observed between w/ or w/o Carbon

» No difference observed for forward or reverse bias injection
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» Concentrations of investigated
defects for different flavours

No difference for V2(0/+) and
H240K observed

Strong differences for B;O;

>

v

C; anneals to C;O; at room temp

C; & C;0; varies, but should be
checked after stable annealing
stage is reached

After Proton Irradiation: DLTS

Flavour

Res. [2cm] DOFZ P Plateau

no

yes

no

V.

Niels Sorgenfrei et al., Gain-Layer Project, 4th DRD3,

CERN, 12.11.25
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aniversiit feiburg Annealing Study: 80 min at 60 °C CE/RW

» Reduced C; and increased C;0; 250F . 5 F\‘i‘”(“,;‘_bon 1
concentrations & ‘I o A
. I 1 ® B+ Carbon
» C; anneals into C;0; = [ o B
v, o 200F . ® C+ Carbon T
o 407 e ¢
> ¢ D + Carbon
. lro L e’ 1
Flavour Res. [2cm] DOFZ P Plateau = J . Fz“(l)‘“”b Condition [V]
8 } x x = 06
NS L "
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wniversititreiburg Annealing Study: DLTS Spectra Comparison

1.00 T

1
Annealing at 60 °C

0 min

0 75_ V2(0/+) —— 30 min
—— 80min
—— 200 min

» Comparison of annealing
times at 60 °C

» C; shrinks, C;O; increases

=

ot

S
T

» Concentration of C; goes
into C;O;

DLTS bl [pF]
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universitatfreiburg Conclusion and Outlook Cm

7 A

Acceptor Removal Effect

» Main mechanism behind gain layer degradation of LGADs

» Current understanding says formation of B;O; is the problem )
Gain-Layer Project

> Large quantity (19050) of diodes produced for defect spectroscopy

» Bulks mimic gain-layer of LGADs

» Different flavours to check effects of Carbon, Boron, Oxygen and Phosphorus content

» First proton irradiation campaign completed, annealing study ongoing )

» Neutron irradiation campaign for DLTS: 4 fluences, all flavours, all Carbon doses, 240 diodes

» Additional proton irradiation campaign for DLTS: more fluences, 240 diodes

> Neutron irradiation campaign for macroscopic investigations (IV, CV), 96 diodes

= Study fluence effects & parametrise ARE )

This work has been sponsored by the Wolfgang Gentner Programme of the German Federal Ministry of Education and Research (grant no. 13E18CHA).
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Thank you for your attention!

AREAS OF PHYSICS BY DIFFICULTY
HARDER———>

% e

NEWTQ\I‘S SPEClHL QUHN'[UM MECHANICS, SAND
LAWS  RELATMTY GENERAL RELATMTY


https://www.nytimes.com/2020/11/09/science/what-makes-sand-soft.html

universitatfreiburg

10 Q cm diodes flavour tree CE/RW
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Main impacts of defects on detector properties CM

() () @ Electrons

—— Donors NS /
AE =

1.12eV
—— Acceptors N\ \

O O (O Holes

Ev

Charged Defects Trapping Centres Generation Centres
= Negr, Videp = Charge Collection = Leakage Current

By knowing capture-cross sections o, p, activation energy Ea and the defect concentration N,
impact on the detector can be simulated
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How do we study radiation damage? -~

universitatfreiburg N

7%
Investigate macroscopic properties Investigate microscopic properties
Current-Voltage & Capacitance-Voltage Characteristics Defect Spectroscopy
» Current and capacitance at a certain voltage? » Measure defect parameters
» What is Nes? What is the doping profile? » Capture-cross section, energy level, concentration
» What is the full depletion voltage? ) » Observe new defect types after irradiation or

increased concentration of intrinsic defects

\

Transient Current Technique & Radioactive Source & Testbeam

» Use lasers, radioactive sources or accelerator beams
to deposit energy in sensor » Measure current or capacitance due to de-trapping

. - f ch fi def

» Measure charge collection efficiency before and after of charges from defects
irradiation » Thermally Stimulated Current (TSC)

» Observe electric field shapes » Deep-Level Transient Spectroscopy (DLTS)

.
N\

Match microscopic defects with macroscopic properties
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universitatfreiburg NIEL scaling HypOtheSiS

CE/RW
\

Scale displacement damage created by different particles of different energies by one factor to a reference of
1 MeV neutron equivalent damage

Hardness factor k is used to scale fluences ¢ to neq/cm2
_ e
0]

> k
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NIEL Displacement Damage Cm

Displacement damagein Silicon
for neutrons, protons, pions and electrons

TCAERES ittt st s —
E =~ ~o neutrons: Griffin; Konobeyev; Huhtinen
103 E S~ — —— protons: Summers; Huhtinen
E ~o pions: Huhtinen
102 L protons\\\ — - electrons: Summers
o F N
g 10' N
3 10)
="
W~ qF
o 1010
=" F
L F -
—102L neutrons -
o E ,~"electrons
1081
1040
il vl vl i il il il ]

10°
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A. Vasilescu & G. Lindstroem
B A. VasiLescu, G. LINDSTROEM: Displacement damage in silicon, on-line compilation RD50 .web.cern.ch/niel
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Thermally Stimulated Current (TSC)

100+

=
o
T

TSC-signal [ pA]
=

o
=
T

injection

T T
steady state generation current

emission
of trapped charge

cooling down

Niels Sorgenfrei et al.,

150 200

[M.Moll - PhD thesis 1999]

50 100
T[K]
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» Current based technique

» Measure current due to emission of charges from defects

Filling recipes

»> Forward biasing — majority & minority carriers
» h traps only filled if ¢, > ¢,
» e traps only filled if ¢, > ¢,

» 0V — majority carriers

> Light injection — majority and/or minority carriers
» depends on wavelength (IR or red)
» depends on top or bottom injection

v

» Defect concentration N; (integrate currents, correlate with
depleted volume)

» Activation energy Ep (delayed heating method)

6/8
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Deep-Level Transient Spectroscopy (DLTS)
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» Capacitance based technique

» Measure change in capacitance transients due to de-trapping of
charges from defects

Filling recipes

» Same as TSC

» Defect concentration N; (Amplitude of capacitance transients)
» Activation energy Ep (Arrhenius relation from transients)

» Capture cross-section o (Arrhenius relation from transients)

.

Related techniques
» Current DLTS — Current based DLTS
> Laplace DLTS — Higher precision
» Difference-DLTS — Field dependence

v




Why LGADs?

universitatfreiburg

» Pile-up poses problems for HL-LHC (and beyond)
experiments

» Increased amount of simultaneous collisions makes
track identification difficult

v

Disentangle this simultaneousness with timing
information

4D tracking = 3D tracking + timing information
Need for speed (fast detectors)
Currently best solution are LGADs

vVvyyvyy

O(50 ps) time resolution

B CMS EXPERIMENT: cds.cern.ch/record/1479324/
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