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* Irradiation setup & procedure

UNIVERSITAT

* Dosimetry

* Hardness factor
* Expectations
* Previous measurements and their flaws

* Latest results

* Conclusion * Bonn Isochronous Cyclotron * Irradiation site
* ECR ion source yields light ions ' 14 MeV proton beam
* lon energies 7-14 MeV / nucleon " 20 NA <= lpeam <=1 YA

> (DFWHM few mm
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e IRRADIATION SITE

UNIVERSITAT IV --SETUP & PROCEDURE-- " Beam monitor calibration:

° Setup " Imonitor = B * lbeam

Beam current calibration

' Calibrated beam monitor ol
__ e e .
* DUT box, mounted on XY-stage \“ E Fator
* Setup table on rail system K] \-?‘_ 1 i
* External Faraday Cup (FC)
* Procedure — &

47 R

60 80 100 120 140 160 180 200
Secondary electron current lsge / NA

* Scan DUT
H . . Reference
n grld with screen
equidistant @) Beam spot

°* Beam-driven scan routine:

Sean ' Scan adapts to beam = uniformity

rows Row 0
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* Online py < 4 Sampled[fum [ e AWe— —
beam 6 ST R e T I - -
: 8 i : : : ? é ] f
sam pl I ng 10 = Progress o T e Row 2 Row 3 Row 4
FC Lmear Stagc Status Scan Scan Wait Scan Wait Scan Wait Scan
' Temp < - DUT Criteria [T o =0

20°Cvia N, shield
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UNIVERSITAT

* Standard method: dosimetry via metallic foil activation:

' Irradiation of metallic foil (e.g Ni/Ti) alongside DUT

4

>

>

* Bonn method(s): dosimetry via beam current sampling:

" Fluence per row via approx. formula ¢, = ———— T Evor

>

>

>

Measure activation of specific isotope X via spectroscopy

. QX
Fluence as scalarvia ¢, {p_‘ix} = A%, QX, XX, m} |, meoa

No spatial information

1e13  Fluence dist. post correction

I 3.0 ~--- Mean fluence
beam mmm Row fluence

Qe'V'AY

[
«n

Distribution per row (1 dim) via

Fluence / neg/cm?

Online analysis - Enables post-irrad corrections

0 2 4 6 8 10

" Fluence from irradiation data analysis: Scon o

. Fluence distribution per row
Fluence map over scan area and DUT (2 dim)
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W within DUT
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UNIVERSITAT
° lIrradiation of 7 Ti-foils across 1 order of proton
fluence magnitude over 1 year

° Irradiation parameters (e.g. mean beam current,
scan speed, row separation) varied to ensure
result is independent

* Compare dosimetry using all available methods
" Results are in good agreement

" Beam-based methods yield lower, relative
uncertainty consistently

*  Beam-based method uncertainties include
variation across spatial distribution

Beam-based dosimetry verified to be in
agreement with standard foil method

Proton fluence / p cm™2

Relative
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HARDNESS FACTOR

--EXPECTATIONS--

* The Bonn Isochronous Cyclotron provides upt to 14 MeV protons

* For typical operation, accelerator yields 13.6 MeV protons

' Energy degrades on transmission to setup - 12.3 Mev on DUT

* Expectation: k(p,,,,.,) =3 -4

s /L
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d
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e HARDNESS FACTOR gr—

UNIVERSITAT IV --EXPECTATIONS-- as thin as possible

structures needed for
precise measurement!

* The Bonn Isochronous Cyclotron provides upt to 14 MeV protons

!
, . . . |
For typical operation, accelerator yields 13.6 MeV protons /
/
Hardness factor starts :
' Energy degrades on transmission to setup - 12.3 Mev on DUT | to strongly-depend on
/ energy!
» Expectation: k ~3-4
p (p12.3 MeV) |
|
10 7 7 £ 10 T : ‘ T — ‘ s .
! F1.0 \ e M. Huhtinen, PA. Aarnio (1993) s nY
0.8 ! \ *  G.P.Summers et al. (1993) S5¢9
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* First measurement of hardness factor using commercial diodes

* BPW34F diodes, characterized for fluence monitoring in [1]:

VvV

> 300 pm Si-thickness, 500 um packaging

* Irradiation to 5 different fluences, 3 diodes per fluence

* Good linear increase of leakage current with fluence

* Hardness factor of k =5.1 £ 0.4 - larger than expected

> Material-budget of packaging artificially “pushes” damage

> No measurement of full-depletion voltage, assume 100 V

> Primary fluence determination still rudimentary

* When putting in context with other results from [4], good agreement!

[1] F. Ravotti “BPW34
Commercial p-i-n Diodes for
High-Level 1 MeV Neutron
Equivalent Fluence
Monitoring’, 2008

Proton hardness factor determination

[4] P. Allport et al.,
“Experimental
Determination of Proton
Hardness Factors at Several
Irradiation Facilities”, 2019

103 4 /’f;. -
.
-

Linear fit: Alieax/ V= ap ¢p
op = (2.030E— 16 £ 1.735E — 17)hr

Xieg=0.53 -

Std. dev. of diodes
Data of 3 diodes

10-! 4

1‘;13 10‘]4
by / cm™2

1 MeV equivalent fluence ¢neq Vs leakage current

Alieak/ ¥ = Oneq Preq:
peq = (4.0E — 17 £ 3.0E - 19)f- [1]
Data of 3 diodes BONN
BIRMINGHAM, from [4]
KIT, from [4]
CERN, from [4]

e |

16]2 1(;1} 16]4
®neq / cm 2

1015
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UNIVERSITAT

* Measurement using 200 um thin LFoundry test structures

* 8 structures on chip, use ,,B“ for analysis

* Irradiation to 5 different fluences, 1 (4) structure per fluence

> Choose fluences covered in [2] with assumption of k =4

* Good linear increase of leakage current with fluence

* Hardness factor of k =4.1 £ 0.6 - expected

> No measurement of full-depletion voltage, instead extract from [2]

range

> Primary fluence determination still rudimentary

° Thin structures yield result witin expectations

* Take k =4 £ 1 to account for uncertainties / assumptions

[2] I. Mandié, “Charge
collection properties of
irradiated depleted CMOS
pixel test structures”, 2018

Proton hardness factor determination

1072 4

A
/ em?

vV

Llieak

Linear fit: Alieak/ V= 0p ¢p
— @, =(1.648E — 16 +2.328E — 17)dr :*-’
Xiq=2.03 _+'_,,’

# Data of 1 x test structure B -
# Data of 4 x test structure B -

- Kp=4.1+4/—-06

Depleted depth (um)
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* Another attempt this year in September; what’s different now?
* Irradiation setup, procedure and analysis received major upgrade between 2021-2022

* Redesign of irradiation-related diagnostics full-implementation of beam-driven irradiation routine

> Optimized for fluence uniformity and accuracy

* Full-characterization of upgrade setup before new attempt at hardness factor measurement

> Reminder: we don‘t use ,,standard” dosimetry - Need to know what we are doing!
* Cross-check shows reliable measurement of proton fluence with low uncertainty
* Thin devices as well as infrastructure to fully, electrically characterize available now as of late 2022

* Ultimately, accelerator downtime of ~ 1 year due to broken part prolongs new measurement...

Pascal Wolf 43™ RD50 workshop, CERN, Geneva 10
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1.60500

* Use thin, full-size pass. LFoundry sensors

1.60450

160425

* 2 x1cm?active area, 150 pm thickness

1.60400

Fluence / protons cm

160375

* Irradiation to 6 different fluences, 1 sensor per fluence

1.60350
leld

> Sensors {S1,S7, S8, S9, S10, S11}

1.60325

> {5el12, 1lel3, 2e13, 4e13, 8e13, 16el13} p / cm?

3.0

" Proton energy : (13.52 £ 0.04) MeV - (12.19 £ 0.04) MeV on DUT

* Perform full electrical characterization pre- and post irradiation to

minimize uncertainty
2.0

Fluence / protons cm—2

* Measure leakage current post irrad in temperature-stable environment
1.5
" Extract full-depletion voltage via CV measurement using LCR setup

1.0

Pascal Wolf 43™ RD50 workshop, CERN, Geneva 11
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* Pre-irradiation electrical characterization:

* IV and CV look as expected; slight deviation of CV from parallel plate model but characteristic shape present

1 1 le-> ™ T 139
$  51:50x50pm?, AC { Pigt 51 e
} S7:50x50umz, DC ! ]
1074 + S8:50x50um2, DC - ST ! L 151
t  59:50x50um2, DC s il !
& t  510: 50x50um?, DC R ' : ; i N | lice
g {  S11:25x100pm?, DC ..::::3:;,!' P T | Measurement @ 1 kHz i
N 10784 ““,ni:';;u:' :, b 3.3_ E ¢ S1:50x50um?, AC - s
. ATITLLL LI LU L, SR ) : 4 S7:50x50um?, DC Y
5 l{f ‘ R g | ¢  58:50x50ums?, DC 8
= P - i 4 S9: 50x50pm2, DC pall e
o 1077 |1 A 3 | 4 510: 50x50um?, DC -
< oo 8 i ¢ S11:25x100um?, DC r261 ©
Lﬂ Breakdown regionH—%—H—H 1 i i
10-10 ! Lt i i|Full depletion r 369
L i flregion
i o] @ |
1 1111 i 1
0 50 100 150 200 250 0 20 40 60 80 100 120
Bias voltage / V Bias voltage / V
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* Post-irradiation electrical characterization:
> IV as expected; leakage current increses with fluence, saturation after full depletion

> CV measured at RD50-recommended frequency of 1 kHz after irrad.; high fluence CV not characteristic

Capacitance / pF

26
Breakdown lregic:nIi i i 1034 *® Measurement @ 1 kHz
107 4 l i .iiu:‘.”;ﬂomm‘h“r? ! . ¢ ®5=(9.67+/-0.77)E+12 p/cm~2 | 28
n 1
e L g g ¢  ©5=(2.00+/-0.10)E+13 p/cm~2
< t preey L
B 3 : - o “..";i :' i N @ ¢  ®gg=(4.01+/-0.17)E+13 p/cm~2 L3y
L) L)
° 3 . " '°"'li ; | L ) 4  ®so=(7.62+/-0.23)E+13 p/cm™2
Lt popeee Ll 1 I I
N I B : s s ? 0510=(1.60+/-0.05)E+14 plem=2 | __
1 1" [ 1 r
£ ¥ ’54.,....--'" T | I§ 107 { oo ¢ ©s13=(4.83+/-0.54)E+12 p/cm™2
L skt Ul 1 1} 1
= 4 I oo i £ I H T T
g B : . : g . sssssasidil
1 " 1 1
% 1051 1 9a1=(9.67+/-0.77)E+12 p/em=? | - ] o
- | ©5=(2.00+/-0.10)E+13 p/em=2 | Hood | 8] ) s
g { 0s=(4.014/-017)E+13 p/em™ | oo | .
| ®5e=(7.62+/-023)E+13 p/cm~? | T ! -
} ©510=(1.60+/-0.05)E+14 p/cm=2 | Hood | w08
105] | ©61,=(4.83+/-0.54)E+12 pfem=2 | I | e
. T . i I I 1 ) 1 ! ! ; ' ! ! 390
0 100 200 300 400 0 25 50 75 100 125 150 175 200
Bias voltage / V Bias voltage / V
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* Post-irradiation electrical characterization:

> IV as expected; leakage current increses with fluence, saturation after full depletion

> CV measured at frequency of 1 kHz after irradiation; high-fluence CV data not characteristic anymore

26
1 1 1 1
Breakdown regionIE — 'rf I 107 Measurement @ 1 kHz
1073+ | '55*‘:&'&"“"""“" * " $  05=(9.67+/-07T)E+12 plem™ |
e : Il : I 4  ©g7=(2.00+/-0.10)E+13 p/cm~2
< # I :
) ¢ '.m 5 : N o $ Ose=(4.01+/-0.17)E+13 plem™2 |
N g : | b ':E 4 Oso=(7.62+/-0.23)E+13 p/cm™2 w
# 1 1
@10 T N | : = ¢ ©s10=(1.60+/-0.05)E+14 p/cm™2 | __
£ i ; i ' 107 4 ©s11=(4.83+/-0.54)E+12 p/cm™2 2
E LI i I I = S
= # ' ! ] [IITITITY] L Y
3 5 : ' s sssessssssssddbifil [0z
[1v]
% 1051 1 ©®si=(9.67+/-077)E+12 p/cm™2 a I &
x | ®5,=(2.00+/-0.10)E+13 p/cm=2 ] P
a _ -2
| } ®sz=(4.01+/-0.17)E+13 p/cm >
} ®go=(7.62+/-0.23)E+13 p/cm~2 > SHT85 o
b ®510=(1.60+/-0.05)E+14 p/cm=2 . 10;5-
1061 4 ®51=(4.83+/-0.54)E+12 pfcm=2 Copper bloc | ‘
] ] ] . . . ; ] ) ) ! ) 300
0 100 200 300 400 /a/ 25 50 75 100 125 150 175 200
Bias voltage / V Thermal pad Bias voltage / V
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* Post-irradiation electrical characterization:

¢ 100 Hz ¢ 1000 Hz

i
. . i 1
* CVis expected to be highly-dependent on 1074 ' 4 200Hz 4 4000 Hz
f ] | & 400Hz ¢ 10000 Hz
requency i
. . N -3 _' [ ] :
* Typical aproach of 2-line-fit to extract full- 101 * !
d
depletion does not work reliably anymore Ta
. . . Y 10_4 =
* Alternative approach from RD50 contributionto g ]
c
extract “best possible result”[5] £
. . % 10—5 ,'
> Measure multiple frequencies o ]
> Find steepest slope | =
_6_ -' 1
> Ext late th h origi 10 1 S1 @ ©=(9.7+/-0.8)e+12 p/cm? -~ Ve, =40V
Xtrapolate througn origin —— Steepest slope fit m  Plateau intersects
) ) ) ) 18 --- Extrapolation + Fitdata
> Intersection with plateau is best estimate : - .
10° 10t 102

Bias voltage / V
* Measure for all sensors, measure at Vgep+ 50 V

[5] S. Magdefessel, “Understanding the frequency dependence of CV measurements of irradiated silicon sensors”, 41° RD
workshop, Nov. 2022

Pascal Wolf 43™ RD50 workshop, CERN, Geneva 15
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* Hardness factor determination:
* Very good linear increase of leakage with fluence

* Red. Chi? suggest data fits model better than
assumed uncertainties

* Hardness factor of x, =3.71 £ 0.11

* In good agreement with previous value of 4 £ 1
and expectations

" Low, relative uncertaity of approx. 3%

* Irradiations with (12.19 £ 0.04) MeV protons
> Approx. 1 MeV energy loss in 150 um Si
> Interp. Energy - k,(11.7 MeV) =3.7110.11

A
m

. Aligak
Volume leakage current increase —= !c

10—2_

10-3 -

Linear fit: Aljgar/ V = aEJSOJso: o,

- al89/60) = (1.479E — 16 + 4.206E — 18)A,

Xz =0.16
4 Irradiated, passive LF sensors

1013
Proton fluence ®p/ cm™?

1014

Pascal Wolf 43™ RD50 workshop, CERN, Geneva
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UNIVERSITAT
* Implications:

Measurement performed using 150 um Si Linear it: Bhuug ¥ = alf0 o, +
. . ——-- (80/60) = (1,479E — 16 + 4.206F — 18)4- e
' For thicker DUTs e.g. 300 pm expected increase ol ;:5 ~0.16
- red g s
from sims. of k, approx. 10% - measurement kIS + Irradiated, passive LF sensors +
uncertainty of 3% significantly lower b me
o
* Hardness becomes feature of DUT thickness é +
> For ,thin“ (<= 150 um, no significant § JF
passivation in front of activate layer) DUTs 3 : kp=371+/-0.11]
hardness factor k, =3.71 £ 0.11 % +
E
> For ,thick” (<= 300 um) DUTs assume 10% B 107
increase until measured - k, =4.08 + 0.41 N
> For DUTs > 300 um significant depth- 104 101

Proton fluence ®p/ cm™?

dependance of damage... difficult to estimate

Pascal Wolf 43™ RD50 workshop, CERN, Geneva



VvV

UNIVERSITAT

* Irradiation site in Bonn received major upgrades to the setup and related software within 2022

* Dosimetry verified to yield results in agreement with typically-used foil activation method
* Beam-based methods show significantly lower uncertainty

* Beam-based methods produce fluence distributions with spatial resolution

* Previous attempts of measuring hardness factor pointed towards the correct result

" Full characterization of setup was needed to ensure we now ,what we are doing”

* New results show hardness factor of k =3.71 £ 0.11 for ,,thin“ devices
" In agreement with expectations and previous valueof k =4+ 1

* Due to low proton energies and high measurement precision = hardness factor function of DUT thickness

> DUT thickness <= 300 um for precise 1 MeV n.e.q fluence statement

Pascal Wolf 43™ RD50 workshop, CERN, Geneva
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Segmented signal Isolated aperture
foil pairs

Graphite
beam
dump

Entrance
window

Beam monitor Faraday cup (FC)
e Based on secondary electron emission . Beam current |
beam

(SEE) o
measurement by dumping into
e Two pairs of 5 um Al-foils, horizontally & graphite cone
vertically segmented
. Directly obtain current| =1

beam

e Beam penetration causes signal Ifoil ~
Ibeam with low uncertainty

- Calibration allows online beam meas. - AL/l <1%
FC" 'FC —

* |solated aperture allows direct beam cut-
off measurements

Lemo inputs

Lemo outputs

R/O board

Analog R/O of beam monitor &
FC

Linear mapping of input current
I

- 0-1,->0-5V
Multiple, switchable scales |

Used to digitize signals

Pascal Wolf 43 RD50 workshop, CERN, Geneva
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-/ BEAM DIAGNOSTICS

UNIVERSITAT LIV --CALIBRATION--

Vacuum Air, ca. 5 cm

\

Beam current calibration; Igs(FC)=1000.0 nA, Igs(SEM)=500.0 nA

1200 1 Linear fit: lec(Uz) =a- Uz lgs =500 nA
a=A-ls=(682.748 £0.113) %
A=(1.365+0.014) V!

X2q=153 10?

Vacuum —

1000 1

800 1

I
<
m——— § 600 1
. v =] E 10*
¥ - : i "'- ? 400
—
0 0z 04 o6 o8 1o 12 14 1o
SEMv3 sum voltage Us / V
Beam current over time; Izs(FC)=1000.0 nA, ls(SEM)=500.0 nA z o Calibraﬁon IB =Q * U Wlth o= A * |
1000 « Beam current T eam z Fs
I \\ A » Ibeam (Irs; Us) = A« Ipg - Uy
g 1 L j l ° Uncertainty consideration:
) » A\ Algs AUs AL,
{ U AN _ Al AUs 0 Aban gy
200 " | )\ IFS UE Ibeam
* Allows online beam current
0 e measurement during irradiation
Time / min

Pascal Wolf 43 RD50 workshop, CERN, Geneva 22
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Calculation of proton energy on device

10 ; . ;
plastic
allows to estimate kp for particular FiN-diode |package 4 M. Huhtinen and P.A. Aarnio (1993)
. . 300 um | 500 um ® G.P. Summers et al. (1993)
BPW34F diodes: L —==- A. Akkerman et al. (2001)
. . 8 T —— —=- M. Huhtinen. (2002}
o LU _ _
F“ = Filter = 500 um pIastlc \\\ @ Protons on device (PSTAR)
LY = L
o . = \ # Protons on PiN-diode (PSTAR)
300 um Si E \‘\ #  Protons after PiN-diode (PSTAR)
_ _ _ > gl K,=5.2
° Energy loss in plastic packaging not s
. . . [Ty
negligible at these energies o1 .
) ~
kp=3.1-4.6 on entry, kp=4.1-5.90on fl‘-lﬁ 4 -
. . . Qo
exit of Si => Approx. 20% difference, ~ >
non-negligible depth dependance of i
damage =1 P S [N i
g g N N
° Expect an effective k'p = 3.6-5.2; e s
< |<
0 ; : : :
" lin. interpolation as approximation 3 0 H ) 2
Proton Energy [MeV]
Pascal Wolf 43 RD50 workshop, CERN, Geneva 23
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* Post-irradiation electrical characterization:
* Resulting full-depletion voltages after irradiation:
> {S11:(3343)V, S1:(3944) V, S7: (74+7) V, S8: (71£7) V, S9": (94+10) V, S10: (94+10) V}
* Evaluate IV curves at full-depletion + 50 V to ensure full depletion
* A word on the uncertainties considered in final analysis:
* Temperature during IV curve measurements: £ 1 °C
* Max. depletion volume on sensors: %10

» Effective energy for temperature scaling E_.=(1.21+0.014)eV

* Depletion voltage error from above

* Error on 1 MeV neutron reference current related damage rate 1%
*Method yielded 180420 for S9 which seems off; therefore use result of S10

Pascal Wolf 43™ RD50 workshop, CERN, Geneva
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HARDNESS FACTOR

UNIVERSITAT EINYIN --MEASUREMENT 2023--
* Simulation of ion energies on DUT for
given initial energy
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