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@ Space and nuclear particles can degrade the performance of CMOS
Image sensors (CIS)

@ They produce displacement damage by coulomb or nuclear interactions
and create silicon bulk defects which can generate dark current

@ The dark current distribution depends on the type and distribution of the
radiation-induced defects

@ Identifying the defects generated by each type of interaction could help
predicting the dark current increase for various particles
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1538
Context and goal SUPAERO

@ Space and nuclear particles can degrade the performance of CMOS
Image sensors (CIS)

@ They produce displacement damage by coulomb or nuclear interactions
and create silicon bulk defects which can generate dark current

@ The dark current distribution depends on the type and distribution of the
radiation-induced defects

In this work, the dark current spectroscopy is tested
on neutron, proton and ion irradiated CIS

to identify the defects generated by coulomb and nuclear interactions

Jean-Marc Belloir

NSREC 2016, Portland, July 12, 2016. 1




The dark current spectroscopy 'SSUHPEA?;;

@ Hypothesis: to each type of silicon bulk defect corresponds a given

generation rate (Shockley Read Hall):
U= OVipNn;

2cosh (lEtk}Eil)
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The dark current spectroscopy 'SSUHPEA?;;

@ Hypothesis: to each type of silicon bulk defect corresponds a given

generation rate (Shockley Read Hall):
U= OVipNn;

2cosh (lEtk}Eil)

@ If each pixel contains a maximum of one radiation-induced bulk defect:
» The generation rate of individual defects can be measured

= Pixels which contain similar defects have a similar dark current
Increase after irradiation

» The main radiation-induced defects are detected by the presence of
dark current peaks in the dark current distribution

Jean-Marc Belloir NSREC 2016, Portland, July 12, 2016. 2



1538

SUPAERO
Q Hypothe_s N | EOR protons | a given
generatic | EOR deuterium |
€ I 1 MeV oxygen |
S, -l 3 MeV helium
< 1071
@ If each pii3 ulk defect:
= The g3 © I . 2d
* Pixels g £ 104 v current
increcg |}
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dark ¢
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Dark currentincrease at T = 22°C (e-/s)
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. Tested device: 154 ;v'-r(
cnes Pinned photodiode CMOS image sensor sy patR0

p-type pinning implant transfer gate readout circuit @ 512 x512 pixels
@ 7 um pixel pitch
@ Pinned photodiode

@ Low intrinsic dark current
(6 e-Is @ 22°C)

Jean-Marc Belloir NSREC 2016, Portland, July 12, 2016. 3



Neutrons and high-energy ions: 1S90 >
nuclear interactions SUPAERO

neutron or high-energy ion @ Nuclear (elastic, inelastic):
high energy silicon PKA
(~ 100 keV)

= dense damage

PKA = Primary Knock-on Atom (primary recoil)
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Low energy light ions: "
low NIEL coulomb interactions lssuapeA{:;

@ Nuclear (elastic, inelastic):
high energy silicon PKA
(~ 100 keV)

dense damage

Low NIEL coulomb: low
energy PKA (~ 100 eV)
which are well separated

sparse damage

light low-energy ion

PKA = Primary Knock-on Atom (primary recoil)
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cnes

Low energy heavy ions:
high NIEL coulomb interactions

1538 >~

SUPAERO

heavy low-energy ion

PKA = Primary Knock-on Atom (primary recoil)
NSREC 2016, Portland, July 12, 2016.

Jean-Marc Belloir

=

Nuclear (elastic, inelastic):
high energy silicon PKA
(~ 100 keV)

dense damage

Low NIEL coulomb: low
energy PKA (~ 100 eV)
which are well separated

sparse damage

High NIEL coulomb: low
energy PKA but very
close to each other

dense damage



Nuclear interactions: 154 ;’4
Exponential hot pixel tail SUPAERO

@ Exponential hot pixel
tail (several 10,000 e’/s)
with many hot pixels

22 MeV neutrons
60 MeV protons

neutron or high-energy ion

Normalized pixel count

Dark current increase at T = 22°C (e-/s) y 1o*
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Nuclear_lnteract_lons: | 189p >
Exponential hot pixel tail SUPAERO

! 3 @ Exponential hot pixel
4™ i |
10 pre 22 MeV neutrons tail (several 10,000 e’/s)
: { 60 MeV protons : .
********* with many hot pixels
@ Similar exponential

E mean for neutrons and
protons (4.3.10° e/s)

| Similar mean damage energy
per nuclear interaction

60 MeV protons: 120 keV [1]

22 MeV neutrons: 115 keV [2]

----------------------------------------------- :—-------m--tiu L SRGRIREIIIR SUN R RN | 1 3| USSR PRPRRER
LY, | :

Normalized pixel count

Dark current increase at T = 22°C (e-/s) , 1p* [1] Dale etal., IEEE TNS, 1994.
Jean-Marc Belloir NSREC 2016, Portland, July 12, 2016. [2] Srour et al., IEEE TNS, 1986. 4



Nuclear_lnteract_lons: | 189p >
Exponential hot pixel tail SUPAERO

@ Exponential hot pixel
tail (several 10,000 e’/s)
with many hot pixels

Similar exponential
mean for neutrons and
protons (4.3.10° e/s)

Similar number of hot
pixels at similar fluence
due to similar nuclear
NIEL

Neutrons: 4.0 keVcm?/g
8 Protons: 2.7 keVcm?/g
4

1075 |22 MeV neutrons
' 60 MeV protons

Normalized pixel count

Dark current increase at T = 22°C (e-/s)  1p
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Nuclear_lnteract_lons: | 189p >
Exponential hot pixel tail SUPAERO

@ Exponential hot pixel
tail (several 10,000 e’/s)
with many hot pixels

Similar exponential
= ~  mean for neutrons and
""""""""""" protons (4.3.10° e/s)
‘ : Similar number of hot
pixels at similar fluence

due to similar nuclear
NIEL

S > Neutrons: 4.0 kevem?/g

10 R A - |22 MeV neutrons
160 MeV protons

Normalized pixel count

rNuclear interactions = high dark current exponential hot pixel tail
Jean-Marc Belloir NSREC 2016, Portland, July 12, 2016. 4
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Low NIEL coulomb interactions: 154 ;’4
dark current peaks SUPAERO

- s @ More pixels with small
) R Neutrons 10 cm- P .
2 = 11 ~ivasD dark current increases
10™ P { Protons 10+ cm i
- — —— ! (few 100 e’/s) for protons
8 4
&)
[©
X
O -
g [ light low-energy ion |
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S ] Mg e,
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Dark current increase at T = 22°C (e-/s)
Jean-Marc Belloir NSREC 2016, Portland, July 12, 2016. S



Low NIEL coulomb interactions: 1890 >
dark current peaks SUPAERO

@ More pixels with small
dark current increases
(few 100 e’/s) for protons

@ Dark current peaks
separated by 50 e/s

L o | e ———— | s = SPec ific po int defects

Neutrons 10 cm2
Protons 1011 cm2

,,,,,,, | with generation rate of

N g Mg T 1 50 e-/s

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Normalized pixel count

Dark current increase at T = 22°C (e-/s)
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Low NIEL coulomb interactions: 1890 >
dark current peaks SUPAERO

T e Neutrons 101 cm2 1 © More pixels with small
10'2 ,,,,,,,,,,,,,,,,,,,,,,,,,,,, Darkcurrent ,,,,,,, Protons 1011 Cm-2 dark cu rrent Increas es
£ peaks (few 100 e’/s) for protons
§ | @ Dark current peaks
2 AN | | separated by 50 e’/s
'g- 1 0-3‘2 i;iiiii:i --:Err:::::r::::;::,, o oy = SPEeC Ific poO int defects
N R 1 with generation rate of
g 50 e-/s
2 il 7 T 7 = generated by coulomb
G R NIl interactions (only for
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Low NIEL coulomb interactions = dark current peaks (point defects)

Jean-Marc Belloir NSREC 2016, Portland, July 12, 2016. S



Effect of the coulomb
and nuclear cross section
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Effect of the coulomb
and nuclear cross section

538 >

SUPAERO
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High NIEL coulomb interactions:
exponential hot pixel tall

1538

SUPAERO

Normalized pixel count
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High NIEL coulomb interactions: 189 ;;..,«
exponential hot pixel tail SUPAERO

' » @ EOR heavy Ions (oxygen
jal | EOR protons i and aluminum):
60 MeV protons | _ _

- tial hot |
1EOR aluminum § exponential not pixe
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|1 EOR oxygen - .
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e LN g ) interactions)
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High NIEL coulomb interactions: 189 ;;..,«
exponential hot pixel tail SUPAERO

. » @ EOR heavy Ions (oxygen
jal | EOR protons 4 and aluminum):

| 60 MeV protons | = exponential hot pixel
5 | EOR aluminum tail

|1 EOR oxygen | o

5 5 | = similar slope than 60
MeV protons (nuclear

Interactions)

Normalized pixel count

Dense damage (nuclear mteractlons or hlgh NIEL coulomb interactions)

Exponential hot pixel tail
Jean-Marc Belloir NSREC 2016, Portland, July 12, 2016. 7




Dark current activation energy of the 189 '/'-qt

exponential hot pixel tail SUPAERO
30 E
q
Idark ~ Aexp (_ kTa)

_ 2> E, ~|E,—E;| +0.63eV
o
g 120
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S m15
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0.5 o

60 MeV protons 0
0.4
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Dark current at T=22°C (e-/s)
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Dark current activation energy of the 189 '/'-qt
exponential hot pixel tail SUPAERO

30 E
q
Idark ~ Aexp (_ kTa)

E, ~ |E, — Ei| + 0.63 eV

25

20
@ High dark current: 0.63 eV

Activation energy (eV

815 :
= midgap energy levels
10
5
60 MeV protons 0
0% 6000 12000 18000 24000 30000

Dark current at T=22°C (e-/s)
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Dark current activation energy of the 189 '/'-qt
exponential hot pixel tail SUPAERO

30 E
q
Idark ~ Aexp (_ kTa)

E, ~ |E, — Ei| + 0.63 eV

25

20
@ High dark current: 0.63 eV

= midgap energy levels

10 @ Smooth hot pixel tall

= various generation rates
= many possible structures

15

Activation energy (eV

60 MeV protons

0 6000 12000 18000 24000 30000
Dark current at T=22°C (e-/s) Clusters?

Amorphous inclusions?
Jean-Marc Belloir NSREC 2016, Portland, July 12, 2016. 8



Dark current activation energy 189 '/'4
of the dark current peaks SUPAERO

30 @ First dark current peak

EOR protons (+50 e-/s):

25

S = Two possible activation
oy o energies: 0.70 and 0.75 eV
§ .
)
S 115
C H
O 5
07 TR
g
5
0.6 0
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Dark current at T=22°C (e-/s)
Jean-Marc Belloir NSREC 2016, Portland, July 12, 2016. 9



Dark current activation energy 189 '/'4
of the dark current peaks SUPAERO

30 @ First dark current peak
- (+50 e-/s):

= Two possible activation
oo energies: 0.70 and 0.75 eV
= Two different defects
e > - £, ~075eV

o= |Ec—E|=0,12eV=V,

TR - E,~0,70eV:
5 = |E,—E{|=0,07eV=VP

EOR protons

o
-\I

Activation energy (eV)

VP +V, VP+2V,

0
0.6
0 100 200 300 400 500  [1] Tivarus et al., IEEE TNS, 2008.
Dark current at T=22°C (e-/s) 2] M. Moll, PhD thesis, 1999.
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Dark current activation energy e
after 200°C annealing LSUHPEA{;‘;

30 @ VP anneals below 200°C
@ V,is stable at 200°C

EOR protons
25

> Z\VARN VA

=08 120
o

QO

% 115
C

o

S07 10
B

<C

0.6

0 50 5 k100 t1?(%_2202(:00/ 250 300  [1] Tivarus et al., IEEE TNS, 2008.
ark current at T=22°C (e-/s) [2] M. Moll, PhD thesis, 1999.
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Summary LSUHPEA{;;

@ The effect of coulomb and nuclear interactions on the dark current
distribution have been dissociated:
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Summary LSUaPEAf;;

@ The effect of coulomb and nuclear interactions on the dark current
distribution have been dissociated:

= Low NIEL coulomb interactions:
» Sparse displacement damage
> Mainly dark current peaks (few 100 e’/s) and few hot pixels
= Nuclear interactions or high NIEL coulomb interactions:
> Dense displacement damage
> Exponential hot pixel tail with many hot pixels (few 10,000 e’/s)
@ The main radiation-induced defects depend on the damage density:
= Sparse displacement damage: point defects such as V, and VP
= Clustered displacement damage: midgap defects such as clusters
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é End-of-range lightions (low NIEL coulomb) j¢qn ~u
cnes3 MeV light ions (some nuclear interactions)sypacro

oo |+ EOR protons @ End-of-range:
"1+ EOR deuterium = non-exponential hot
qEN T ~1- 3 MeV protons pixel tail

1044 =f = 3 MeV deuterium [ « very few hot pixels
- |~ 3Mevhelium | 5 mainly point defects

Normalized pixel count
(6]

@ 3MeV:
10-6 ,,,,,,,,, | I e exponential hOt pixel tall
xS -E;'ZEEE':E:?: | i w less hOt. pixels than high-
o Rk, eneroy ons
0 0. 1 15 2 2.5 3 = only few clusters
Dark current increase at T = 22°C (e-/s) % 10*
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cnes for low energy light ions

EOR protons
EOR deuterium
1 MeV oxygen

3 MeV helium

Normalized pixel count

0 200 400 600 800
Dark current increase at T = 22°C (e-/s)
Jean-Marc Belloir NSREC 2016, Portland, July 12, 2016.

é Dark current peaks after 200°C annealing 189 ;;..,«
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Dark current activation energy 189 '/'4

after 300°C annealing SUPAERO
. 20 o VP anneals between
3 1 ¥, 150°Cand200°C
§0 . V, D, (+60 e-/s) @ V, is stable up to 260°C
S 110 @ New defect noted D,
50.8 j (13 e/s) visible after
© e 5  200°C annealing
g%/ i I @ Other defects appear
<
730 keV protons | § o .
0.6] 20 40 &0 80 oo 120 after 260°C annealing

Dark current at T=22°C (e-/s) and above:
D,: +60 e-/s, E, = 0,70 eV
D,: +700 e-/s, E, =~ 0,60 eV

Jean-Marc Belloir NSREC 2016, Portland, July 12, 2016.



Displacement damage density effect S48 ~~

SUPAERO
Maximum coulomb
Particle nuclear stopping
power (eV/A) _

End-of-range protons 0.1 _ Non-exponential hot pixel
End-of-range deuterium 0.2 _J tail with low probability
End-of-range carbon 11
End-of-range oxygen 17
End-of-range aluminum 36
End-of-range silicon 40 B

— Exponential hot pixel tail

@ 9eV/A ~ 1 displaced atom per lattice plan (Ey ~ 21 eV)
= Exponential hot pixel tail (clusters) for clustered displacement damage
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