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Irradiation campaign i

Motivation:
* Limited literature on the comparison of irradiation induced LGAD degradation with different proton energies
« Of special interest: low energy protons (more point-like defects, which contribute differently to some device

damage parameters compared to clustered defects) — limits of the Non-lonizing Energy Loss (NIEL) scaling
(For more information take a look at Vendula Subert’s work!)

* Comparison to neutron irradiation
* Comparison of samples from different producers

Ongoing irradiation campaign: Proton irradiation at three facilities of
over 100 samples (CNM and HPK)

* 23 GeV protons at CERN

* 500 MeV protons at LANSCE This talk is going to

* 18 MeV protons at Bern p cover one part of the
study, the 18 MeV p*

Irradiation with 18 MeV protons:
* Medical cyclotron at the Bern University Hospital
* Hardness factor for conversion to 1 MeV neutron equivalent fluence: 1.4

* Five requested fluences: 1-10*3, 4-10*, 8-10%, 1.5-10*°, 2.5-10*°*p/cm? Scheme of the Bern University Hospital cyclotron
and irradiation bunkers.

Outlook | TCT | El. characterization | DUTs
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Devices under test

LGADs - Semiconductor detectors with signal amplification:
In a highly-doped p+ layer a high electric field is created — avalanche multiplication
of primary electrons — good Signal-to-Noise Ratio and timing capabilities

IVICV curves before irradiation (measured at 20°C, CV 1 kHz):

» Slight differences in the average Vg value for the three wafers with different carbon content

* WI1:~314V, W2:~32V, W4:~32.7V

* Boron content in the gain layer is the same for all wafers, slightly different gain comes from
different carbon concentrations acting as diffusion suppressor for boron during fabrication

) Samples included in the study: CNM run 15973
=
= » Three wafers with different carbon enrichment (to mitigate degradation of gain layer)
L > WL1: no carbon
Carbonated LGADs, CNM Run 15973 Carbonated LGADs, CNM Run 15973, Freq. = 1kHz
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Devices under test e

- - HPK2 LGADs Tray5 o ADs Tray5, Freq. = 1kHz
Samples included in the study: HPK prototype 2 0 ——— 7 . B By W B B s e
3.5 e W36 ] . \\'32‘
) 30 120 "
* Single LGADs from W25 and W36 (Tray 5) Z,. -
* Active area: 1.3x1.3 mm? 20 g
» 50 um epitaxial layer 25 Lo ]
e 150 ym low resistivity support wafer o . ‘
0.5 "||||l! 20
. . 0.0 - T S 0 o - p o
'..g ° 5X5 LGAD gnd from W33’ W37 and W42 W|th 0 50 Bizm\'ul](llzl:go N 150 200 0 10 2 slgiasmiuago [\_.]Jn 6 70 80
E similar properties * W25: lower breakdown voltage (indication for higher gain)
9 * Vg between 50 and 60V
8 (all these samples are part of a large study comparing irradiation with
S different proton energies, in the 18 MeV proton irradiation only HPK 5x5 LGADs (M) HPK 555 LGADs (M), Freq, = 1kl
< 5x5 LGADs of W37 are included due to limited sample numbers) 1] e wa - 140 -owe
2 o 10 P e e
m 104 10
- E 0.84 g 80
6 %&U.G g 60 gl
t E 0.4 T ﬁ
A 0.2 20 '
o t_
.._9 003 50 100 150 200 R 3§, _ '140 [\;]30 6 080
Bias voltage [V] ias voltage
>
@) *  Vgyfor three different wafers also between 50 and 60 V

Opening for TCT Middle LGAD shown in plot
measurements
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IVICV characteristics: CNM ~ «=™

Annealing after irradiation: 80 min, 60°C
IV measured at -20°C, CV at 10°C and 100 Hz

Carbonated LGADs, CNM Run 15973, W1 300 Carbonated LGADs, CNM Run 15973, W1
300 T -
10% i “ . ‘A* N
250 Lo N
A l.. " /
g W1 (no Carbon): v / EQOU st . CNML 15973 WLDLAS: 2.50e-15
= IV and CV curves o JIUUUUOPPYTEEL aast e s -
® with increasing - - * Small shift in Vg between the not
N fluence <10 : SR irrad. sample and first fluence
ool ‘ (1-102p/cm?), increase in
: : 0 S leakage current
0 50 100 150 200 0 10 20 30 40 50 60

Bias vltge V] Bias vl [V * 8-10%p/cm?and higher fluences:
Carbonated LGADs, CNM Run 15973, \Y4 200 Carbonated LGADs, CNM Run 15973, W4 pl n- I I ke be haVIOr
At 7y . AA’ . Ei\l 1'0"‘;\\:14)1(;: 0.00e+00 [ Comparlng Wl and W4: Car‘bon

V4-D69: 1.00c+13
W4-D132: 4.000+14

Implantation seems to improve

CNM-15973-W4-D141: 1.50e+15

CNM-15973-W4-D149: 2.50c+15 the ”'rad'at'on |nduced
degradation of the gain layer

250 L eN

W4 (3-10%/cm?):
IV and CV curves
with increasing
fluence = ..

1077
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IVICV characteristics: HPK =~ “=™

Annealing after irradiation: 80 min, 60°C
IV measured at -20°C, CV at 10°C and 100 Hz

HPK2 LGADs Tray5, W36 HPK2 LGADs Tray5, W36
f-—-— 1751 4 HPK2-W36-LGAD-L21-P7: 0.00¢+00

102 4 — _ : 4 HPK2-W36-LGAD-L21-P8: 1.00e+13
c : : 150 14*2 4 HPK2-W36-LGAD-L21-P9: 4.00e+14
i=l " 4 4 HPK2-W36-LGAD-L21-P10: 8.00e-+14
= = 104 12547 4 HPK2-W36-LGAD-L20-P5: 1.50e+15
ﬁ - = as 4 HPK2-W36-LGAD-L20-P6: 2.50c+15
N £ o 100 1 Eg Exemplary for HPK2 LGADs:
‘6 £ 0%y E . “*: Ll i, W36 IV and CV curves with

° Z 5 ; .

“6 g : 4 HPK2-W36-LGAD-L21-PT: 0.006-+00 £ Y s W increasing fluence
< g 101 114 4 HPK2-W36-LGAD-L21-PS: 1.00c+13 O o504 A" .
— - - 4 HPK2-W36-LGAD-L21-P9: 4.00c+14
“ ™ 4 HPK2-W36-LGAD-L21-P10: 8.00e+14 25
R 102 4 HPK2W36-LGAD-L20-P5: L50c+15
[T} : 4+ HPK2-W36-LGAD-L20-PG: 2.500+15 0
—_ 0 50 o100 150 200 0 10 20 30 10 50 0
L Bias voltage [V] Bias voltage [V]
o
— Same trends as for CNM samples:
3 * Small shift in Vg between the not irrad. sample and first fluence (1-10*p/cm?)
2 * Increase in leakage current with irradiation
5 * 8-10%p/cm?and higher fluences: pin-like behavior
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Acceptor removal coefficient

. . . ATV
* Vg obtained from IV curves with the k-fit method k(I,V)=—— :
g AV I
* V, normalized to the non-irradiated sample and plotted over the neutron- ~ Va(®e) _ —co,  honsan™ il
equivalent fluence (k = 1.4): acceptor removal coefficient (c) can be fitted ~ Va(0) example k-fit
=
c
o . - , /
- Carbonated LGADs, CNM Run 15973, 18 MeV protons HPK2 LGADs, 18 MeV protons
@®©
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Acceptor removal coefficient

* Vgobtained from IV curves with the k-fit method k(I,V):%%
* Vg normalized to the non-irradiated sample and plotted over the neutron- Val(Pe) ~o P
equivalent fluence (k = 1.4): acceptor removal coefficient (c) can be fitted V(0

E ® Comparlson 18 MeV proton Carbonated LGADs, CNM Run 15973, Proton energy comparison

o results to other studies with 10 omsmtend S m
® different energies and particles et (roomeeanel Lo @ 00

N . ] 0.81 w1 6.40 7.08 <4
= (neutron-equivalent fluence): B} o 107 431

£ Higher c-values — more < 06 - fee vor

o damaging! z " \\‘\\ w4 3.45 3.66

= * 18 MeV protons demonstrate Fh ws 3.53 3.82

= the limits of NIEL scaling Toa T T e L LA W6 3.51 3.76

w * More point- than cluster-defects $ W1 23GeV protons N _ _

pantil induced 0.01 & W1, 18MeV protons o -o--— eg. comparison to RD50 talk by Alissa Howard:
- - — — — ¥ measurements of CNM samples from the

@) 10 10 e w 10 same run, n irradiated

- Fluence [neq/cm?] https://indico.cern.ch/event/1270076/contributions/5450203/attachments/267
- 0347/4629062/RD50_Tivat_CNM_FirstMeasurements.pdf

¢ eg. comparison to first results of CNM W1,

o SAME SAMPLES but 23 GeV proton )

g irradiation (x = 0.62): c-value difference ~38% - Protons more damaging than neutrons

S

@)
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TCT

Laser characterization with Transient Current Technique (TCT)
Pulsed IR-Laser (1060 nm) from top
Only HPK2 single LGADs included in the laser characterization study because CNM
samples have no opening window (CNM samples will be studies with *°Sr source)

First ®°Sr source measurements performed to confirm TCT results

Preliminary results:

Comparing not irradiated sample to first fluence (1-10*p/cm?):
Difference in Vg ~1-2 V but strongly pronounced difference in charge!

HPK2-W25: not irrad vs lowest fluence

notirrad, shutter=2.61

[
=

not irrad, shutter=2.37
not irrad, shutter=2.14

1e13 p/cm?, shutter=2.61
1e13 plcm?, shutter=2.37

—
wn

1e13 plcm?, shutter=2.14

_
T

| |
100 120
N Bias voltage [V]

Charge 10 ns [a.u.]
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HPK2-W36: not irrad vs lowest fluence

not irrad, shutter=2.61

not irrad, shutter=2.37

not irrad, shutter=2.14
———=- 1e13 p/cm?, shutter=2.61
1e13 p/cm?, shutter=2.37

1€13 p/cm?, shutter=2.14

0
0

| |
140 160
Bias voltage [V]

Measurements at -20°C, lowest tested laser
power (shutter=2.16) corresponds to ~ 7 MIPs

| |
60 100 120
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LY

Optical system and

. linear
Electrical and SRS

readout system TCT setup SSD lab,

CERN

HPK2-W36:
measurement
of not irrad.
LGAD at
different laser
powers: Vg shift

Comparison with
%0Sr source

measurements:
ratio between

1

not irrad LGAD
and first fluence
are the same!

PR
100 110

PP PRI PRI PRI
120 130 140 150

Bias voltage [V]
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Galn measurements

Gain gets evaluated as the ratio between the LGAD collected charge and Gain[V]= CCpap[V]
the equivalent unirradiated PIN collected charge after full depletion CCon[V=V )
—— > Increasing number of MIPs

S HPK2-W36 HPK2-W36
=l B i 3 e
c 35— o 4e14 p/cmi 10} - 4e14 p/cmz
9 30% — ?851:1 g/;;gmz si — ?6510341 g/;;gmz
) 25 2.5e15 p/cm? - 2.5e15 p/cm?
5 Vo s o
3 AT i * Already after irradiation with
*g A / i | 18 MeV protons, 4-10%p/cm?;
T s 2 I O O SN RO S S S S LGAD gain heavily reduced
c g 0 20 40 60 80 100 120, 140 0 2/0‘ ‘ 40 : 60‘ ‘ ‘8’0‘ ‘ ‘10!)‘ ‘ ‘120‘ -
& a Bias voliage (V] sasvozevi o More MIPs show less gain:
O HPK2-W25 N HPK2-W25 gain suppression
— —— notirrad. ‘s |- |[——notirrad. . .
h —1e13p/cm§ / O 18?—1e13p/cmz b W25 has hlgher galn Compared
U —— 8e14 p/cm , 16:—:8e14 p/cm , .
= 1S o’ / ot L to W36 (as already seen in IV/CV
i o e measurements)
S g sC
O 20— o
8 mf /IV 42

20—

T R %" 40 e s d0 120
Bias voltage [V] Bias voltage [V]
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Timing we

Timing studies for subset of HPK2-W36 LGADs (not irrad. to fluence 8-10'p/cm?) to show trends in

behavior after 18 MeV proton irradiation

Presented timing results for IR top laser illumination in two-pulse configuration, laser power ~ 7 MIPs,

measured at -20°C

|_
2
o 2 [ 2 . uF
E El 100 i L\ % 140 ———otimad A
s £ - —— RN o it !
= = = I
R To0 e | = HOE | st /
= 80 £ 100} ‘
Q i 2 C //
Q - | ets plen S sof
—a— e
E 60— —o— 4e14 pfcﬁ L / /
r 8e14 p/i -
g K —— 88 pic ﬁ,ﬂ_ —_-P-.—/‘ /—-'
(&) wok C T
— L 40
LLl L C
. - S—— 20
(I__J 20 e T T C
F 41[“}I 1 1 Illﬂl 1 1 Ilzﬂl 1 1 Ilsﬂl 1 1 I14!}I 1 1 Ilsﬂl '}'100' T T '110' T T '120' = |130| T T |140| T T '150‘
; Bias voltage [V] Bias voltage [V]
o) Time resolution contributions: Sample 4-10%p/cm? and 8-10% p/cm? around 2 fC
ie) 1) Lgndau f_Iuctuatlons, not given Wlth lasers measurements as comparison Q(Pin) = 0.54 fC
5 2) Timing differences due to amplitude fluctuations (Time
@) Walk), can be corrected by constant fraction discrimination
3) Sensor jitter
- results underestimate LGAD time resolution
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As seen in gain
measurements:
LGAD degradation
already far advanced
after irradiation with
18 MeV protons,
4-10%p/cm?
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18 MeV proton irradiation:

* |V/CV characteristics:
~ HPK and CNM samples show pin-like behavior for 8-10%*p/cm?and higher fluences
~ CNM LGADs: Comparing different carbon doses in gain layer shows least irradiation induced
degradation for highest tested dose of 3-10*/cm?: ¢(W1) = 3.12-10vs ¢(W4) = 1.69-10*° (wafers
were selected as the sweet spot based on previous studies of same samples also including higher
carbon doses)

* Gain and timing measurements of HPK2 samples agree: LGAD degradation already significant after
1-10%p/cm? and far advanced after irradiation to a fluence of 4-10*p/cm? with 18 MeV protons

* 18 MeV protons more damaging compared to higher proton energies!

Further steps:
* 18 MeV protons: in-depth studies with *°Sr source, TCT red light, ...

* Analysis and comparison with same type of samples after 500 MeV and 23 GeV proton irradiation

Outlook | TCT | El. characterization | DUTSs |

* Completing the study with TCAD simulations
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Backup
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Preliminary results:
Comparing not irradiated sample to first fluence (1-10*p/cm?):
Difference in Vq ~1-2V but strongly pronounced difference in charge!

— Non-irrad, TCT, HPK2-W36-LGAD-L21-P7

5 160f] ——— 1e13 piom?, TCT, HPK2-W235-LGAD-L21-P8 £ r = F R
- Non-irrad, RS, HPK2-W236-LGAD-L21-P7 = oF 2 03f A AR WA P
4 140 1e13 plcm?, RS, HPK2-W236-LGAD-L21-P8 // E o f z C mm V/‘/"‘/W‘ Mrl f'm\/\
w L 2 —0.05F 2 ozsk 'WVM JA\‘/"“ Y
o 1201 = C — notirrad & Uer
Ul:I_ F / S F — 1e13 picm? H] ¥
~ 100 0.1 § )
- / g : 0.2}
Tos0f s -
2 8 v —0.15F U
= r a 0.15
g 60 02k — not irrad
o 40: / “t —1e13p/cm2
B . 0.1
r ﬁ""" IR —0.25F g
20F " . . r
B J R B - 0.05F
0 L R L L Lo Lo L L L1 —0.3 C N
0 20 40 60 80 100 120 140 160 v e b Lo L L o e b v b Lo b Ly 1
Bias voltage [V] -10 0 10 20 30 40 0 20 40 60 80 100 120 140
time-tleft Bias voltage [V]
Ratio between non-irradiated and irradiated in Comparison of waveforms HPK2-W25, ~7 MIPs, at Comparison of charge in the corresponding not
TCT(line) with the same ratio for RS (markers). 80V (after full depletion): difference in amplitude, irrad and lowest fluence pins
Despite the gain reduction being different for which is the only parameter that changes

both, the relative variation is still the same.
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