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Context: leakage current, CMQOS example
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Context: leakage current, CMQOS example
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Unpredictable: technological problem, challenging modelization
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Why studying defects with image sensors?

- Photoluminescence,

- Electron Paramagnetic Resonance
- Deep Level Transient Spectroscopy
- Raman and Infra-Red

DLTS-signal (b,) [pF]

> \
\
H(220K)
o

50 100 150 200 250

@ stable defects o

o many IDENTICAL defects: 10%/cm? Temperature [K ]

M. Moll, PhD thesis, 1999

- Monitoring pixel array
@ metastable defects
@ 1 single defect

@ Statistics
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Focus of the talk
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Effect of Displacement Damage (not Total lonizing Dose)
Reverse biased pn junction, bulk Silicon
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In the depletion region of image sensors:
o Electric Field magnitude<10°V/cm
® pn<<n?

@ 1 single defect generation dominates the signal @
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Overview

@ Observations
o Characteristics
@ Independant parameters

© Simulations
GEANT4
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e KART

e DFT

@ Electronic cross sections

© conclusion

© back up
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Observations

Table of Con

@ Observations
o Characteristics
@ Independant parameters
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Observations
e

Random Telegraph Signal characteristics

Measured RTS Characteristics:

A

Amplitude (e/s)
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Observations
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Observations
e

Random Telegraph Signal characteristics
Measured RTS Characteristics:
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C. Virmontois, PhD thesis, 2012
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Observations
e

Random Telegraph Signal characteristics

Measured RTS Characteristics:

—
<2 @ Number of levels
) L
° o Life times
e
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1 2L Long term RTS transitions?
Observations o T ]
From ms to months ! JWﬂW'.iTt1'TH
1/t ~ exp(-E/kgT) o |
¢ o ! T:mea‘nﬁsvSPDDzls) 25 : l\;s

M. Raine et al., IEEETNS, 2014
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Observations
e

Random Telegraph Signal characteristics

Measured RTS Characteristics:

Ty

@ Number of levels
o Life times

@ Activation Energies

Amplitude (e/s)

Observations
Need Temperature to activate

A ~ exp(-Es/ksT)

C. Durnez, PhD thesis, 2017

Observations
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Observations
e

Random Telegraph Signal characteristics

Measured RTS Characteristics:

A

@ Number of levels
o Life times
@ Activation Energies

o Amplitudes

Amplitude (e/s)

Time

Cst DC

J.M. Belloir, PhD thesis, 2017

Observations
Ai—-A;i>10% e/s

Predictable exp. shape: f(DD, Vgep)

e DC RTS
RTS Maximum Tr ans ( tion Amp\ ituc de (ets)

C. Virmontois, PhD thesis, 2012
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Small Voltage + low doping (no

tunneling)

@ Mean DC decreases

Effect of electric field?

tudes

U

@ No change in RTS ampli
3|Vo=24v
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015
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see C. Durnez, PhD thesis, 2017 for larger voltages

Vp=2V
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Time (mn)

NWM | il ol

Vp=16V
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r

r I
120 140 160

Electric field not needed to explain large RTS relative amplitudes.
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Effect of electric field?

Small Voltage + low doping (no
tunneling)

@ Mean DC decreases

@ No change in RTS amplitudes

3

Dark current (fA)

U

Vp=24V
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Vp=2V

W LT
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Time (mn)

see C. Durnez, PhD thesis, 2017 for larger voltages

WE W
1.;_0 140 1éo )

Electric field not needed to explain large RTS relative amplitudes.
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Effect of electric field?

Small Voltage + low doping (no
tunneling)

@ Mean DC decreases

@ No change in RTS amplitudes
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see C. Durnez, PhD thesis, 2017 for larger voltages

Electric field not needed to explain large RTS relative amplitudes.
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Observations

Technology? Material?

All the components:

q4

Fiber &< DRrRAM
IR sensors \»; SPAD
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C. Durnez thesis, 2017
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Same phenomenon:
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E. De Borniol, CEA LETI

Virmontois et al.,

IEEETNS 2021

o
0 50 1000 1500 2000 2500 300

remps (5)
C. Durnez thesis, 2017

Constant and RTS leakage currents are everywhere
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Simulations
[ Yele)

Table of Contents

© Simulations
GEANT4
o DM

e KART

e DFT

@ Electronic cross sections
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ab initio capacities

Observation in devices

<
g
Barriere
d’énergie

3. | rate B
£ metastable D - T
g 3

g 2

z. G |rate A
< 08 g §

2

2

]

8

2

&

2

m

A CMOS

example
Pixel flashes

Chemin réactionnel B

structure variation = noise variation=RTS

Challenge: Quantify the number of generated electrons
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Simulations
ooe

Strategy to simulate the impact

of irradiation /implant

Problem

Neutrons, ~ Primary

Apply Shockley Read Hall

Rapidity Vs Precision No atomic structure

-Incomplete mechanisms
-Bad time scale
-Not transportable

Con

E-h:
ation

Dopants — knock on
atom

~~ 7~ ({ Recombination
center

7 e\

1
\Generation
\ center

vtha,,ap(n? —np)

rate

GsrH =

Er
=

on[n+ n;exp(%)] +op[p+ n,-exp(E,i;—

)]@
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Simulations
ooe

Strategy to simulate the impact of irradiation/implant

Problem : Apply Shockley Read Hall
Solution: Multi-scale model

.

Con.

Neutrons, Primary « . = E-h:
! Y g Displacements  Stable defects geometry e~ capture N
Dopants — knock on —» — —°7 — .~ —~generation
cascade annealed e levels ~ cross section
atom rate

Electronic Noise - RADOPT



Simulations
e

Step 1: get PKA energies

Relative occurrence

Neutrons, Priman . = _ E-h:
Y g Displacements ~ Stable defects geometry e~ capture .

Dopants — knock on — — — — .~ —generation
cascade annealed levels ~ cross section -

o atom

GEANT4: binary collision approximation in SiggGeg.2

207 @ PKA

Neutron energy R3

Created PKA energy (keV) Cluster

Raine et al., IEETNS 2017
mean free path = cluster size — overlap

AS-CNRS, France i ing Electronic Noise - RADOPT 202 Simulations



Simulations
@00

Step 2: Collision Cascades - method

Neut Pri . = _ E-h:
D rimary - o Displacements ~ Stable defects ~geometry e~ capture .
Dopants — knock on — — — — —generation

cascade annealed e~ levels  cross section

el om

@ Solve equation of motion

@ 1 interatomic potential

@ 1 million crystalline Si atoms
o 10 keV PKA

A. Jay, IEETNS 2017

s P P "“’SRIM?
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Simulations
oceo

Step 2: Collision Cascades - improved

T % 30 W S0 & 70 8@ % 100

Size of the simulation set

T. Jarrin et al, NIMB 2021
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Simulations
oceo

Step 2: Collision Cascades - improved

Number of defects

Size of the simulation set

T. Jarrin et al, NIMB 2021

n erystal site (A)

onic Stopping power

Electrons stoping power .
Finite volume:

.. . , Electron gaz

P
Equation of motion Yi=Yes*Ye-p Equation of diffusion:
Fr=m%-y,%, CuT =7k 7T

“Vep!Ter Tion/*VesTion

T. Jarrin et al., NIMB 2020
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Simulations
oceo

Step 2: Collision Cascades - improved

Number of defects

E]

w7

Size of the simulation set

T. Jarrin et al, NIMB 2021

Energy (V) o
Eectrns sopiog power 1200
Finite volume: 15| sipair potentials \ -
— o S
100 5 o §
J Etectrons.phonons coupling Electron gaz « “
won
50
Equation of motion Yi=Yes*Ve-p  Equation of diffusion: I o[
Fi=m,%,-y,X, CaTa=VKa 7Ty | N ” e
R “Ve-p| Ter~ Tion/*Ves Tion 10 15 20 25 30 35A) Ui
T. Jarrin et al., NIMB 2020 T. Jarrin et al., IEETNS 2020

Simulating Electronic Simulations



Simulations
ocoe

Step 2: Collision Cascade - results

Relative occurrence

1
1 HH||||||| |
s 10

Cluster size (nm)

3

0

60 MeV protons
10" e’ 107 e
n=02 310" em? n=2

w06
Empirical
model

1 2 3 4 5 6
Dark current increase at T = 22°C (e/5) y 10°

A Jayet al. IEETNS 2017 /N COrrelation# causality — need more
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Simulations
ocoe

Step 2: Collision Cascade - results

Exponential Shape

T T 3
10 E o , 60 MeV protons
" | 10" em? 10 cm
2 = ¢ 0af\ p=02 3.10'" cm p=2
2 o w06
B 3
8
3 I 3 3
3 310%) Empirical
° { el
2 g | model
= o1 4 5, 4
S giﬂ
& 2
LL_1I hi
001k ! \ J N
5 10 0 1 2 3 4 5 6
Cluster size (nm) Dark current increase at T = 22°C (e-/8) y 10*

A Jayer al. IEETNS 2017 /N COrrelation# causality — need more

Different materials

PKA=Si PKA=Ge
" o Ge PKA damage more the
‘gm material than Si PKA
:?,-’m l @ The greater the % of Ge,
s l f T the more defects are
1000 l T roduced
pr1T 1 p ®
o T. Jarrin, PhD Thesis, 2021

Si  _%Ge “%Si—_ Ge
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Simulations
@00

Step 3: Long time annealing of the defects - method

/Y\

Neuts Pri . = _ E-h:
eutrons, rimary - o Displacements  Stable defects geometry e~ capture .
Dopants — knock on —~ — — — —» generation

cascade annealed e levels ~ cross section

' om rae
Potential Ene Surface

Find Transition State

@ Stable structures = minima

@ Transition states = saddle point

@ Activation Relaxation
Technique

o Init+Saddle+Final= event

A. Jay et al., JCTC 2020

A. Jay et al., CMS 2022
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Simulations
@00

Step 3: Long time annealing of the defects - method

/Y\

Neuts Pri . = _ E-h:
eutrons, rimary - o Displacements  Stable defects geometry e~ capture .
Dopants — knock on —~ — — — —» generation

cascade annealed e levels ~ cross section

' om rae
Potential Ene Surface

Stabilize the system
@ Start from DM last structure
o Find all atomic events
@ Choose 1 event and apply it
@ Do it again

L.K. Béland et al., PRE 2011
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Simulations
@00

Step 3: Long time annealing of the defects - method

/Y\

Neuts Pri . = _ E-h:
eutrons, rimary - o Displacements  Stable defects geometry e~ capture .
Dopants — knock on —~ — — — —» generation

cascade annealed e levels ~ cross section

' om rae
Structure evolution

Change atomic positions

@ Flickers appears= metastable
states

A. Jay et al., IEETNS 2016
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Simulations
oceo

Step 3: Long time annealing of the defects - results

B after MD-TTM
I_After KART

- Potential Ene urface
Potential Energy Surface =

T T T T T T T T

10001

8001~

L L
Occurence
s o N W a

—{
j—|
L 1
1 keV

@ |
£ :
2
& |
= |
B !
= 2 i
£ 600 § | T 2
5 E ! R0 20 30
.8 g | sk 8 =l
%5 400 g | q 8 7
S k| ! 56 N 44>
200+ 3 | q 3 % 10 ) %0 =
El : OZL@* 2 1=
2N N S " o | ‘ s
NN N L T 3 3 500 1000 1500
1) S 2 S ) 2 ] e Number of defects per cluster

simulation time (s)
A. Jayet al., IEETNS 2016
A. Jayet al., IEETNS 2016 R d f h |
@ Reduction of the clusters
@ Reach correct # of defects size
@ Reach experimental time

o Diffusion agglomeration of
scales )

point defects
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Simulations
ooe

Step 3: Long time annealing of the defects - results

Number of levels problem!

141 cluster PES

25 T T T T Lifeime (5

@ point defects are simple:
small number of topologies - R

@ Clusters are complicated:

N 10
many topologies ¥
1 RTS level = 1 stable configuration 5 o
@ 10
0.5 : = BTSN
__~ Moststble configuration oo K

PES Exp|orati0n “Final-Initial Energy (eV) -

with ARTn-DFT A. Jayet al., SISPAD 2021

A cluster exists in many different configurations!
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Simulations

@0000

Step 4: Ab initio - method

Neut Pri . = _ E-h:
D rimary - o Displacements ~ Stable defects ~geometry e~ capture .
Dopants — knock on — — — — —generation

cascade annealed e levels  cross section

solve Hamiltonian H|¥;) = E|¥;)
@ Get total E and Forces — minimization

o Get electronic states (corrected by GW)
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Simulations
08000

Step 4: Ab initio - Si defects bestiary

compacts V, 2V, 3V, 4V, bV, 6V
11 12 13 14 15 16
o ) 084 2

17 18 19 110 111 112
S 4 AN
b e hEE
100 ¢ e 44

Chain-like rod-like 311 Amorphous

=

APOST-IRRADIATION # POST-IMPLANTATION+ANNEALING @

dislocation loop
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Simulations
feYeY Ye¥ol

Step 4: Ab initio - results on annealed clusters

Point defect Cluster Linear defects
N
Conduction Conduction Conduction
Lower Ef = more stable
>
&0
.
(O]
c
- L
Sask - b Mid-Gap
= ] S R I wr—wr—wr—wr—w
8 b c
é o 12-like ]
£ 1 0
£ @
£ L —ee
151 1
5 m L Valence Valence Valence
Number of intersitial atoms
Post irradiation Post process

@
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Simulations
leYeleY Yol

Step 4: Ab initio - results on simple DC

Case: simple DC

0.9 30
g i 25

o~ Point defects (0.70 — 0.75 eV)
> 0.
3 Clusters (~ 0.63 eV) I 120
@
5 0.7l 15
c
S
T 410
g Proba ~ 0 Proba =7
208

0.5

0 6000 12000 18000 24000 30000
Dark current at T=22°C (e-/s)
Fig. 3. Dark current activation energy in CIS 2 (10'2 cm=2 22 MeV
neutrons). The color scale corresponds to the pixel occurrence.
Egap
Eact > 2
WORST= midgap
Observed crossing through 1 level @
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Simulations
leYeleY Yol

Step 4: Ab initio - results on simple DC

Case: simple DC Proba ~ 0 Proba =7

o
(e}

]
et

s \ Conduction Conduction
o~ Point defects (0.70 — 0.75 eV)
Ch 1 > \ /
3 Clusters (~ 0.63 eV) 20 ED
[
507 15 2
§ L
g 10 ¢)
806 c
< <)
P
)
(O]
0.5 (9]
0 6000 12000 18000 24000 30000 m

Dark current at T=22°C (e-/s)

Fig. 3. Dark current activation energy in CIS 2 (10'2 cm=2 22 MeV
neutrons). The color scale corresponds to the pixel occurrence.

Y
Valence Valence

N~

Ecap
Eact > 2

DOS DOS
WORST= midgap
Observed crossing through 1 level @
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Simulations

efeYeYeY ]

Ab initio - results on DC-RTS

Point defect Cluster
Case: DC-RTS
15
Conduction Conduction
= >
2 10 g
>
g c
5 Ll
° Mid-Gap
S B TR M NP
2 s
(O]
@
o w
2000 4000
Amplitudes at T=22°C (e"/s) Valence Valence
Eoer ~ Ecap
ac 2 DOS DOS
Many levels — 1 is midgap
Clusters have many electronic levels in the band gap @
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Simulations

®@00000

Step 5: Electronic capture rate - Amplitude problem

=
2 Displacements ~_ Stable defects geometry e~ capture

Neutrons, Primary E-h:

Dopants — knock on — — —°7 — .~ —generation
cascade annealed e~ levels  cross section
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Simulations

®@00000

Electronic capture rate - Amplitude problem

/Y\

Neut Pri . = _ E-h:
LTI, rimary - o Displacements ~ Stable defects geometry e~ capture .
— — —generation

Dopants — knock on — — .
cascade annealed e Ievels cross section

10— T

Worth known point defect

2500 e/s

ol e

SRH generation rate:

A~ T Vep N e Rasiaia 7T 7T
~ T[:-mg PV: Phosphorus Vacancy in Silicon
2C05h[ kg T ) 0=10"1 cm?
}20 e/s (300 K)

o= e~ cross section Et—Emg =0.07eV

Vep=2.7x10"cm/s Need larger o
ni=1.45x10'0/cm3 I = I@

Simulations

Simulating Electronic Noise - RADOPT 2023
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Step 5: multiphonon excitation - method

Conduction

Localized [¢pf)

Electronic energy
|
|

Delocalized [¢b;)

Simulations




Simulations

0@0000

Step 5: multiphonon excitation - method

Conduction Charged R

#
Neutral R

Localized [¢pf)

Electronic energy
|
|

Delocalized [¢b;)

W‘fyg ®
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Simulations

0@0000

Step 5: multiphonon excitation - method

Fermi's Golden rule = overlap

Tip~(PiIAHIY ) 2
Conduction Charged R (Vi I¥Ws)=0 Vibrations (VilAH|¥Y¢) #0
Neutral R oloiz 12 Fhonons ol il 12
a i f o) i1 1of
S S
?0 Localized [¢pf) Q- R o R
s
()
c
()
O =
c
e defect
jr}
(O]
Q@
L
Delocalized [¢b;)
?‘f)
Valence
L, e @
DOS

Simulations
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Simulations

0@0000

Step 5: multiphonon excitation - method

Fermi's Golden rule = overlap

Tip~(PiIAHIY ) 2
Conduction Charged R (Vi I¥Ws)=0 Vibrations (V;IAHIW¢) £0
Neutral R o Tio.2 2 Phonons o P
@ |1l 1pfl | 197 197l
o <
t>16 Localized [¢pf) o R o R
5]
o
ol MW Born-Oppenheimer
S defect \Pn(r’R) :(pn(r’ R)X"(R)
s
o
o Taylor 1rst order
Hrl—>f ~
Delocalized |¢p;)
T | X (il Q47 AimlAQulx ) AE
Valence
‘?“ff) electrons ions
W 7) need ~10 phonons — multiphonon @

Simulations
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Simulations
[eYe] Yelole)

Step 5: Electronic part - method : 1D model

Approximation:
1 fictive phonon is responsible of
the transition

@ Relax R;
atg=0and g=1

Energy (eV)

g=-1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

=0
Tk

Distance AQ (amu%A)

A. Alkauskas et al. JAP 2016 @
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Step 5: Electronic part - method : 1D model

Approximation:
1 fictive phonon is responsible of

the transition o
=1

o Relax R; < ‘
atg=0and g=1 2
q q >
0 Eior =0 =1 o
= = o
for Ry_; and Rj_ 0

o
g
q=0

Distance AQ (amu%A)
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[e]e YeleYe)

Step 5: Electronic part - method : 1D model

Approximation:
1 fictive phonon is responsible of

the transition
=1 002

e Relax R; < )
atg=0and g=1 2
q q >
o Eior =0 =1 o
= = Q
for Ry_; and Rj_ 0

o Fit the curvature:
w= PE
Q2

v = E0

q=0 0732

Distance AQ (amu%A)

A. Alkauskas et al. JAP 2016 @
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[e]e YeleYe)

Step 5: Electronic part - method : 1D model

Approximation:
1 fictive phonon is responsible of
the transition
=1
Relax R; N )
’ ate aX—Oland =1 i >
q= q= -
o Eior =0 =1 o \ /
- - o
for Ry_; and Rj_ i \ /
o Fit the curvature: N———F——
a) = 62_E
Q2 H
wQ
@ Deduce number of needed 2k,
phonons nhiw am0 07 q7

0Q?

Distance AQ (amu%A)

A. Alkauskas et al. JAP 2016
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[e]e YeleYe)

Step 5: Electronic part - method : 1D model

Approximation:
1 fictive phonon is responsible of
the transition -
_ aQ
o Relax R; < A
atg=0and g=1 = >
&
o Eior -0 1 o \ /
for Rg—; and Ry~ i \ /
o Fit the curvature: N———F——
a) = 62_E
Q2 H
wQ
@ Deduce number of needed 2k,
phonons nfiw a=0 “0= 502
o (Pilfglee 1
(back up slides) Distance AQ (amu2A)

A. Alkauskas et al. JAP 2016
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Step 5: lonic part - method 1D vs ND

H 1xn(R)) = Eqlxn(R))

Analytic solutions Sol: 2" quantification
Hermite polynomials order n

Huang, Prog. Phys., 1, 31 (1981)

_ 1 Borrelli, J. Phys. Chem. A 116, 9934 (2012)
~ exp(hw/kgT)-1 (BE)
o - 25|
77 0% lq,
0.8 e
o
=
s 0 = Y . .
3 e No direct solution
s ot - 2]
g 0.4 Xi5 Xiao, Sci. China Phys. Mech. Astron. 63, 277312
Ll—j Xid
02{ 1 SR G20
Work in progress (backup)
0 AQ A. Jay et al., SISPAD 2023 )
ooSotey o

-1 05 0 0.5 1 1.5 2
Distance AQ (a‘mu% A)
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Step 5: Electronic cross section - results

O cluster ~ 100005/ng/e defect

Clusters of defects
Large AQ = many phonons Small AQ = <1 phonon
\q§l o
n | 2l
Distance (A) Distance (A)
Reason: Localized |¢;) Reason: Extended |¢;)
No hybridization high hybridization

A. Jay et al., SISPAD 2021 @
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Step 5: Electronic cross section - results

D ——— Structure 1 Structure 2
3
o
2
ol T N Conduction Conduction
SRH generation rate: =
~ O VipNi 9]
DCsrH = o — g 2
et 2P 5
O L e b—m——m
Large o = 1071%cm? c
<
)
(O]
Q
i
small structure change = . .
small elec. level change =

Large DC variation
Et-Emg=0.05  E{-Epmg=0.1
DC=55000e/s DC=8000¢e/s

Solve Amplitude problem @

Simulations

LAAS-CNRS, France  Simulating Electronic Noise - RADOPT 2023



conclusion
[ Yolele}

Table of Contents

© conclusion

LAAS-CNRS, France  Simulating Electronic - 2 conclusion



conclusion
feY Yele}

Conclusion - Question answered

WHY clusters of defects correspond to observed DC and DC-RTS 7

Exponential Shape

Relative occurrence

H 10
Cluster size (nm)

Same amplitude distribution
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Conclusion - Question answered

WHY clusters of defects correspond to observed DC and DC-RTS 7

Exponential Shape

Highly Metastable

Relative occurrence

¥ v

Multilevel RTS, all t

5
Clustes m)

Same amplitude distribution

Many electronic states

Cond.

e (

Elec. Energy

Val.

Midgap activation energies | @
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Conclusion - Question answered

WHY clusters of defects correspond to observed DC and DC-RTS 7

Highly Metastable

Exponential Shape

Relative occurrence

v

Multilevel RTS, all t

5
Clustes m)

Same amplitude distribution | L

e (

TS
2 cone. small AR
E = (ViIAH|¥Y¢) #0
W= = 167121612
3 e
W vl B R

Midgap activation energies | | Large variation of amplitude @
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Conclusion - ongoing works

Neutrons, Primary o _ E-h:
Dopants .+ knock on aDlsplacementsaStable defectsageometrya e~ capture |, m——

cascade annealed e levels ~ cross section

" (kmc) ™™ (BM) -
Si & Ge Vs large (GaN, SiC) and small (InGaAs, HgCdTe) gap sc
Ponctual defects — RTS?
Si/SiOg interface — RTS?
Same statistics for simu. than exp.
Inter-defects distance to define a cluster?
Better model for the cross sections (real time TDDFT)
Temperature dependance of the cross sections

Other impacts of clusters (carrier trapping, recombination...)

Include these results into predictive softwares @

LAAS-CNRS, France  Simulating Electronic Noise - RADOPT 2023 conclusion



conclusion
ocooe

Questions time

France

Ly

life.augmented

: Istituto Officina
dei Materiali

ajay@laas.fr

Thank you for your attention
2

questions
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Effect of dopants?

9000

Annealing of RTS pixels Vs E centers

T T

8000

7000 |

6000 |-

5000

4000

3000 . .
? =M= Arsenic-based Photodiode CIS

=@-Phosphorus-based Photodiode CIS

Number of RTS Pixels

20000 Experimental VAs annealing
------- Experimental VP annealing
1000 -
0 1 1 1 1 Il Il " — i
20 40 60 80 100 120 140 160 180
Annealing Temperature (°C)
Dopants are not at the origin of DC-RTS. @
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Electronic cross section: scalar product

U/f

Q
olyilye)

= (€h—€i)—u;(|;)Wf

(1//1 5Q |1/Jf> (eh _61) Wil—=

|1//f(R)>: Z Cne2iﬂ(G+k).R
k,nG

Wilye) =

Y aic;

k,nG

back up
[eYeY Yelole)

) N AQ=0.05
RN = <

z — Excited state

=05

o0

&

o)

=]

i3}

Q=5E7507 =
ok 23775, Tnitial State _|
| | |
02 0 02
125
AQ (a.m.u "A)
T T

°

=)

= Ir

A

=X

9‘: y=bulk states and
= unperturbed defect states
S N
>

v

|

L
-0,0005

0 0.0‘005
12 5
AQ (amu ~ A)
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Representation of NDim ionic wf

@ Harmonic approximation:
Solve Dynamical matrix and
get eigenmodes e; 3D space

i of atom j + 1
e Split ND H along each 1D e;:
@lons =@1®@2®'~®@3N§t
@ The exactl\slolution is then
A(R) =122 Hi(x)
Project the 1D solution on

the 3D space of each atom
memory = Nx1003 tabular

ionic wf do not overlap of atom j

Lose the relative mo-
tion between atoms (not
needed)
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Representation of NDim ionic wf

¥ atom j, ¥V mode i i=1 n=4 i=2 n=4
JR) - |1 R=Ry ¢ o
oR) = 10 i R # Ray

1) = fX’(R_AeJ‘)Hf"(A)“ i=3 n=3 i=4 n=2
Y(R) = Xy, (R)

Example:

6 highest contribution modes.
yellow= eigenmode
blue/red= +/- wf

i=5 n=2 i=6 n=1
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lonic scalar product

no overlap between ions —
The full ionic wf is the sum of each ionic projected contribution

. Nae
1P (R) = ZIXJ(R) (1)
J:
The final scalar product is:
Nat . .
Ximl AQily ) ~ Y (X1 Qulx) (2)
j=1
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