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Future Circular Collider (FCC - hh)
A Circumference: 90-100 km

A Energy: 100 TeV 2 ,
A Integrated Luminosity: 30 ab-! (30x1034 cm2s-1) Future Circular Collider (FCC)

z[4-4.1 m] —=—
z [14-14.1 m], x axis —=—
z[14-14.1 m], y axis —=—
Z [23.5-23.6 m], x axis —=—
z [23.5-23.6 m], y axis —=—
z [30-30.1 m], x axis —=—
Z [30.-30.1 m], y axis —— A

U 1 MeV neutron equivalent fluence exceeds two order
of magnitudes than fluence expected at HL-LHC

—_

o
ry
o

U Si detector are located at the closest proximity ( ZD
cm) across the beamline

0 Current detectors canonly bear upto 2x10% n,/cm 2

1 MeV neutron equivalent fluence [cm'z]

U Radiation damage studies at extreme fluences
becomes crucial

R [em]/x [em]/y[cm]
Plot displaying 1 MeV neutron equivalent fluence3
w.r.t. radius along the beam center

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025
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Motivation..(Radiation Damages) !

A What are Radiation damages

A lonizing (surface damages) and non -ionizing energy loss (bulk damages)

A PKA(primary knock -on atoms) for lower recoil energies of incident particles

A Cascade of defects with increase in incident energies

EXITING Displacement Damage Processes in Si
PARTICLE STABLE
- DEFECT
a ‘e * PROTON ENERGY
o O O 0,0 O !.‘i O 6-10 MeV > 20 MeV
7’ ) .
7 e ,
£y £ ’O/ ‘O O O \'\ 9y O LogN
', = o SINGLE SUBCASCADES
7 DEFECTS, CASCADE MANY SUBCASCADES,
O ¥ O O O O O O Coulomb Nuclear Elastic Nuclear Reactions
0/O O O O O O O | | RecolL ENERy
1-2 keV 12-20 keV
INCIDENT »
PARTICLE @ Interstitial ﬁ w
Vacancy /\/ /\ =
@ Dopant of Impurity Atom D
Creation of defects in Si lattice Displacement damages with increased incident particle energies
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Moti vati oné( Character™®

Defect characterization tools

A Electrical Characterization:
U Deep level Transient Spectroscopy (DLTS)
U Thermally Stimulated Current Technique

Conduction Band

——— E30(0/+)
'VO(-/0) PO =

*II

(TSC) V,(=/-) ‘BD (0/++)
i Current -Voltage and Capacitance-Voltage %) £205 (/O) E4 (=/-)
Measurements (IV -CV) ~ V0) U (0/) — E5 (0/-)
U Transient Current Technique (TCT) L W S S . S i
T
I H152K (0/)
Op.ncal Chgracterlzatlon. W *CO(+/0) H116K (0/-)
U Fourier Transform Infrared Spectroscopy "
(FTIR) ‘B (0/-)
U Photoluminescence spectroscopy (PL) S—
Valence Band
, Some electrically active defects
And ot her sé
4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 5
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Challenges at Extreme Fluences 7

At extreme fluences
U Defect density >>> Neff

i |l ntens e Cryst al dam Applicability of Characterization Techniques vs Fluence
discrete trapping centers TCAD (calibrated) |1 .
U Deceased trapping times
U  Loss of depletion region
CV/ IV )
Resultantly,
Electrical measurements become incoherent g
g
Use of optical characterization tools becomes £ FTiR '
more beneficial 2
A Pros:
.. . TSC ]
U Non-destructive
U No sample preparation
A Cons: DLTS )
U May not detect all electrically active “100 10 108 10® 108 10%  10Y  10%®
defects Fluence (protons/cm? or neg/cm?)
U Expensive instruments
U Sensitive to surface roughness and Applicability of different techniques w.r.t fluences
contamination
ATH DRD3 WEEK, NOVEMBER 10 - 14, 2025 6
| Courtesy: ChatGPT




Infrared spectroscopy (FTIR)

Working Principle:

Incoming infrared light undergoes resonance with
different  vibrational modes of the substance at
different frequencies

A Unique fingerprint of a material

A Spectral range: 4,000 to 400 cmt

A Rapid and highly sensitive to chemical bonding
A IR active modes give signal through FTIR
Limitations

A Cannot be applied to materials with low Transmission
(e.g. metals)

A Requires background subtraction

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025
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Infrared spectroscopy (FTIR) ‘j_)}

Swutionary Mirror

Schematic:

A A broadband light source to pass the light through
the interferometer

A The outgoing beam contains information of all the
wavelengths

A Light absorbed at certain frequencies from the
sample falls on the detector

Detoctor

Schematic of FTIR spectroscopy

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 8



Infrared spectroscopy (FTIR)

' Schematic:

A A broadband light source to pass the light through
the interferometer

A The outgoing beam contains information of all the
wavelengths

A Light absorbed at certain frequencies from the
sample falls on the detector

A Signal(Interferogram) is Fourier transformed to get
Intensity verses wavenumber spectrum

4TH DRD3 WEEK, NOVEMBER 10

Signal
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Infrared spectroscopy (FTIR) 7

'Schematic: fxample FTIR Spectrum of CO.

100

A A broadband light source to pass the light through
the interferometer

(%)

A The outgoing beam contains information of all the
wavelengths

A Light absorbed at certain frequencies from the

60

en oae
(~667 cm™1)

Transmittance

Asymmetric Stretch
40 F (~2350 cm™?)

sample falls on the detector
A Signal(Interferogram) is Fourier transformed to get | | | | | | | |
intensity verses wavenumber spectrum WO emperamy
A Typical FTIR spectrum is displayed FTIR spectrum of CO -, as an example

4TH DRD3 WEEK, NOVEMBER 10 -14, 2025 10




FTIR spectroscopy of Si

Limitations

U Transmission through Si depends on optical pass
of radiation inside i.e thickness

U Phonon lines related
with Czochralski Si

U Phonon and oxygen peaks easy to
thickness between 1and 3 mm

to oxygen defects appear
resolve for

u Caution for free carrier concentrations In Si is

required

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025
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FTIR spectroscopy of Si

All the«ibratiohalhmodes!/aremnot EdiR-TIR
active!!
A In order to absorb infrared radiation, a

molecular vibration must cause a change in

the dipole moment of the molecule

A Absorption at 1136 cm - (low
temperatures) and 1107 cm  -1(room

temperature): Asymmetric stretch of O i

4TH DRD3 WEEK, NOVEMBER 10

https://www.tydexoptics.com/pdf/Silicon.pdf
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Symmetriccstretch

517 cm™?

Si SO Ssi

Asymmetricstretch
1136 cm™t

Si-O -Si Si- O-Si

~

/

No changed dipole

Changed dipole

Vibrations with dipole changes produces IR signal

- 14, 2025
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defect ST FWHM oot temp.
. [cm'l] [cm'l] [cm'z]
FTIR spectroscopy of Si o [ 1y | u [suen| w
C. 605 9.40E+16
Alllthewibrationalhmodes!aremat FTHR-TIR vo"® 830 5.3 |850E+16 | RT
_ vo'? 836 2.35 | 3.50E+16 20K
active!! vo" 877 53 | 8.50E+16 RT
vo" 885 2.35 | 3.50E+16 20K
'A In order to absorb infrared radiation, a VO, 389 4.25E416 T
molecular vibration must cause a change in VOs 21 ES0ENTS
VO, 969 8.50E+16
the dipole moment of the molecule VO, 985 4.25E+16
V,0 826 8.50E+16
A O, absorption at 1107 cm -1 is due to V;0 839 8.50E+16
. . o 1012 20K
perturbations e.g. Clustering o, 013 = OETIE =
. . . o). 1060 20K
A Some prominent Si defects and their 0, s — =
respective IR frequencies are displayed in Ciol 862 il
ICiOi 1020 RT
the table! V, 2767 25K
1,0 935.7 25K
4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 13
https://www.tydexoptics.com/pdf/Silicon.pdf Irradiation induced defects observed through IR spectroscopy




Previous work

Neutrons irradiated Si

U Study of MCz Si samples started under the WODEAN

(WOrkshop on DEfect ANalysis) project , 23-25 August

2006 .

U MCz-Si crystals ( [Oi] = 5x107cm-3, [Cs] <5x10%° cm3),
Neutron irradiation : 1x10'5, 3x10%°, 1x10'6, 3x10%cm-2

U Thermal annealingin the range 80-250 °C

U Defect concentration increase with fluence

U l,0 defect anneals by first

energy 116 eV

4TH DRD3 WEEK, NOVEMBER 10

order decay process with

- 14,

Unannealed fraction o,,(t)/oy,,(0)

Absorption coefficient, cm™

LVMs of O-related defects and V, electronic transitions

T =20K
05}
VO
835.8
0.4r

01}

2767

V, excitation

1000 2700 2800 2900 3000
Wavenumber, cm’

Irradiation induced defects observed through IR spectroscopy

45C

N = N exp(-t/t)

MCz6-10, 3E16, 80C, t = 25 min
MCz6-8, 1E16, 80C, 1= 26 min
MCz6-7, 1E16, 60C, 1 =277 min
MCz6-11, 1E16, 45C, = 1672 min
linear fits

mOoOmO

200

400 600 800 1000 1200
Annealing time, min 1
Annealing of | ,0O defect

—
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Measurements and Results >z

A Samples:

Magnetic Czochralski ([Oi] O4.31e+17 at/cm 3 and [C] <2e+16 at/cm 3)
Floatzone Si

Dimensions; 3x6x10 mm?
A Treatments :

Neutrons irradiation at JSI Ljubljana: 1x10%°, 1x10'?, 1x10%, 1x10%6, 2.3x10%,
5.2x10', 1x10%8 n/cm?2

A Measurements:

A Room and low temperature FTIR at University of Geneva
A Room temperature FTIR at CERN

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 15



or CEnve (CERN
FTIR spectrum of pure Si/Comparison \/_)/

’— 522283 g;’g\\llvv:‘ Czochralskl and FZ Comparlson CERN S| SampleS
A[C] < 2 x 106 atoms/cm 3
A[O] <5 x 10%atoms/cm 3

Transmission (a.u.)
o]
[

-
R
S

A Resistivity > 2 k .cm
©-0 o 5(I)O 1000 15IOO 2000 25IOO 3000
QWavenur:nber (cm™)
= T T T = )E 2 S Nj_‘/E 2 S« % N o~ o . .
S\\yp7Zz—= 8 Reference Si sample:

_ost | | | | | | A [C] < 2 x 106 atoms/cm 3

1 -
9 n 4k\\ A f' A O] < 1 x 106 atoms/cm 3
PN A - L ,
£ \ | /\‘/\/v\ A Resistivity: 30 -4 0 kY. cn
£
£ FIR .\‘ e | | MIR | ._300 K

0.0
0 500 1000 1500 2500 3000
4TH DRD3 WEEK NOVEI\/IBER 10 -14, 2025 16
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Irradiated Czochralski Si

APeak related to O, was visible in all of the
samples(irradiated and non-irradiated)

| A Vacancy-Oxygen complex in neutral state was observed
only at extreme fluences

A Next ->Calculation of defect concentrations

Normalized Transmission (a.u.)

040 T T T T T T T T T T T T T T 3.6
0.35 |
S 030}
S
c
o 025
g 2.4
e 0.20 |
%)
% As-Grown Cz
Pt — 1E10
0.15
= 1E12
— 1 E14
0.10 — 1E16
— 2 3E17
| 5.2E17 1.2
0.05 —— 1E18
1 | 1 |

750 1000 1250 1500 1750 2000 2250 2500

Wavenumber (cm™)

Transmission spectrum of Cz Si
4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025

11 UNIVERSITE
i‘% %>/ DE GENEVE (iE/RW
NS

Energy (eV)
0.07 0.11 0.15 0.19 0.22 0.26 0.30

v T v v T
(830 cm™, 0.10 eV) (1714 cm™® O 212 eV)

Pl CO, from alr’?’)* o /"
(2361 cm™, 0.293 eV)

(1106 cm™, 0.137 eV)
&7

/ .

I P

Asgrown
- 1E10
— 1E12 M
1E14
1E16
—_— 2.3E17
5.2E17
— 1E18

600 900 1200 1500 1800 2100 2400
Wavenumbers (cm™)

Transmission of Cz- Si normalized w.r.t. FZ Si
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Concentration of Ol (ASTM # F1186:STEPS)

Concentration of oxygen interstitial atoms determined from Transmission in
the following steps

t he
2. Take 900 - 1300 spectrum range

1. Nor mali zed sample w.r.t Si

3. Take average of points from 900 -1000 and 1200-1300 to define the
end points of the baseline
4. Take Tpand Wp as the transmission and
5. Take Tb as Baseline points normal to the minima
6. Use the following formulas to determine the Oxygen concentrations:
s 8 ) J( 8 8 ) g 8
Y, =--a { 8 ]
‘{(8 o) Ja o) 8]
Y, =--a .

Where, U, and U, are peak and baseline absorption coefficient
X, thickness of the sample
T, and T, are peak and baseline Transmittance.
The net absorption coefficient:

b= -

Hence, Interstitial oxygen content= 3.14x10

17 14,
4TH DRD3 WEEK, NOVEMBER 10
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oNoO
1.8 1

.. E
Transmissiog (a.u.)

= < Pk

e (o))

1 L@

=
N
1

1.0

Oxygen 0, CFi

Average of 900-1000 cm™ T values

number s

As-Grown Cz
oat zone hejlre

Averdgeaof @200-1300 cm™ T vglues

W,= 1106.003 cm™

- 14, 2025

900

Result shown later (in comparison with
measurements at CERN)

T,=1.03072
| 1 | 1 | 1 |
1000 1100 1200 1300
Wavenumber (cm™)
Display of ASTM Steps to calculate
concentrations
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Low temperature measurements N

FTIR of two samples ( asgrown and irradiated@ 1x10 '8 n/cm? Czochralski Si) at
10,50,150, 200 and 300 K

Energy (eV) Energy (eV)
0124 0248 0372 049  0.620 0.744  0.868 0.124 0248 0372 0496 0620 0.744  0.868
0.20 T - T i T T 0.6 — — — . . ;
; JAsgrown and Irradiated CZ Si Irradiated Si normalized w.r.t. Asgrown @ each T }
f  , - Temperatures (K) I offset shift from RT to 10K: 0.53- 0.63 eV (5132-4272 cm
Y —10 | ]
~ 0.16 ‘M'Aa N o 50 — 0.5 ) “ Temperatures (K)
% l\ \ N 100 % T ey ——10
s TR ER _ —— 150 s ’J L s —50 ;
e il S Asgrown 200 5 04 TN r 100 bl
8022 5N, 9 300 8 L " k\ — 150 l
S ! | e, c k ‘ ‘ 200 ‘ ‘
— et | 9 0.3 | i‘{. 300
g . l_l ,. W | ‘ | 8 A |
£ 0.08 | | i o e ™ S '
; A z i
© ‘ ' © 02 -1
= ‘ Vsl I = 3024 cm
0.04 | | ] -Ithl
0.1 2892 c |
il
s ? ! ‘ Ll 2762 1 l “ ’
0.00 } } } ) AP Y I L1200 0.0 | < Cm | _ l
1000 2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000 6000 7000
-1
Wavenumbers (cm™) Wavenumbers (cm™)

Temperature dependent TraRsmMisSION-SREEIUM N OVEVMBER 10 - 14, 2025 Transmission of iradiated ~ Cz- Si normalizeth
of as - grown and irradiated CZ - Si w.rtas -grown Cz Si at different temperatures
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Temp.
coefficient

dependent Absorption

800-1020 cm-?t

. Split Into ranges

1040-1220 cm-1

1200-3500cm -1

Energy (eV)

_ _ _ N 0.186 0.248 0310 0.372 0.434
Sarown 20 1 mbperatur anen nt n T
24.0 FAsgrown £zo QT IPErAtE deRentEm P »7 o | Asgrown Czochralski Temperature dependent FTIR 315 "Rsgrown Czochralski Témperkture depenident ETIR
—~ I ,/N \‘\ —50 3 300 — 10K
L 85 i / \ —— 100 R - 10K ;\ —50
8 \ — 150 £ 50 2‘ 3 Four peaks @ 10 K \g/ 25 100
Q ' N
Asgrown g | l,w’““‘\ a e g | —0 Thrge @ 300 g 2o 200
. S 225l Ml -\ " & 200 £ 2 200
Si ° ﬂﬁ 'dﬁf'/” r"’w‘\\\‘\ ", S 240} |——300 |/ \p 8 .
c 25
2 \ r//\ Noh, W & \ 2
g_ 22.0 \,‘Pl ’,l \\\\: WV = F 1 =2
@ L MAWW, = 2 S
é:: jﬁ A/I";f’ Y “"Vv\'\l\ . 3 225 4 \ \ 4
21.5 V Win o ~ J v T MaAnann <
: 1 ] -1 ] “"‘d Manannanaanan,
210 [VO: 830 ¢m VO, 969 cm N e ) Nt
s o M &
800 820 840 860 880 900 920 940 960 980 1000 1020 . Al . . . . . . 1500 2000 2500 3000 3500
Wavenumber (cm™) 1040 1060 1080 1100 1120 1140 1160 1180 1200 1220 Wavenumber (cm™)
Wavenumber (cm™) Energy (eV)
Energy (eV) Energy (eV) 0.322 0.347 0.372 0.397
0.099 0.105 0.112 0.118 0.124 0.130 0.133 0.136 0.140 0.143 0.146 0.149 —— " r T "
o 18 T ; : : : : , : : Irradiated @1x103® n/cm? Temp. dependent ITTIR
Irradiated@1x10"° n/cm” Temp. dependent FTIR Irradiated@1x10® n/cm? Temp. dependent FTIR ' 2763
VO:830 cm 30.0 i — 10 K
- 27.0 l _— lO - a 33.0
'-.‘E —50 o ) S — 50
< —— 100 5§ . Jor 1136 e S Y 100
= 150 = 285 1127 cm —_—10 = 315 2 —_— 150
. g 200 o — 50 % 200
rradiated < — 300 2 o £ 00 2890 ——300
o (] — o
o 2255 A 8 210 O, 1106 tm 200 g
S| S c L 5 A
=1 M\\x‘ o / — 300 S 285
2 = a
o = o
%] o 72}
3 ® 255 8
< W\% 2 / < 270
'\V\I\ﬂ o, AN gt
. -1 o K M‘M
24.0 VO;: 969 cm*? 4.0 i i N 255 : l gt | ———’7
800 850 900 o0 41 e RD3 WEEK NOMEMBER 10 14 202 ' . —— .
Wavenumber (cm) 1050 1075 1100 1125 1150 1175 1200 2600 2800 3000 3200

Wavenumber (cm™)

Wavenumber (cm™)



Temp. dependent FTIR
(Analysis)

AASTM  method: temperature dependent FTIR
spectrum of oxygen free Si sample is required

ATo apply Beer-Lambert Law. Calculate absorption
coefficient and normalize it wr.t as-grown
Czochralski :

U Fine with VO complex
U For Oi, Negative peak appearing?

U Better to normalize wrt FZ Si at low
temperatures .

4TH DRD3 WEEK, NOVEMBER 10 -14, 2025
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1.18

1.16

1.14 H

1.12

1.10

Irradiated Si normalized w.r.t Asgrown
— 10K

—50
100
\ — 150
— 200
h ) _ 300 L, 1 \‘w\,\MM\
F | lq"‘fh"&“l' Q‘I‘;!l{.g,l‘ﬂ??‘ﬂlu\ﬁ‘lml' t"] ‘J]v,l

[

800 1000 1200 1400 1600

Wavenumber (cm™)

Normalized absorption coefficient w.r.t
as- grown CZ- Si
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FTIR spectroscopy at CERN 2

A Bruker Invenio -R System

A Spectrum range : 350 -8000 cm -1

ASpectral resold4tion: O 0.16 c¢cm

A Standard optical components(KBr beamsplitter, DLaTGS detector and MIR source)

FTIR Spectroscopy system at CERN
4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025
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First measurement at CERN

/

First A Asgrown Czochralski 3 mm thickness
measurements A Aperture size=0.5

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 3D designed sample holders 23



Furt her

FZ(right) graphs
A Big Oxygen peak appears in CZ samples

Energy (eV)
0.124 0.186 0.248 0.310

0.60

0.55
0.50
0.45
0.40

3
©
N—r
c
2 035
® |
2 430 —— FZ-Asgrown
g I —— Cz-Asgrown
= 0.25 1E10 n/cm?
N i — 1E12
F 020 Sy,
0.15 — 1E16
3 2.3E17
0.10 — 5 2E17
0.05 — 1E18
[ 1 N 1 N 1 N 1 N
500 1000 1500 2000 2500

Wavenumber (cm™)
Transmission spectrum of as - grown and irradiated
CZ- Si, as - grown FZ is also shown as reference

0.45

0.40

0.35

0.30

0.25

0.20

Transmission (a.u.)

0.15

0.10

0.05

Transmission spectrum of as

0.062 0.124

Energy (eV)
0.186

“4>,) DE GENEVE

measurements es2

A Fingerprint zone of the Si pieces is shown for as

~

-grown and irradiated CZ (left) and

0.310

— FZ-Asgrown

— 1E10
1E12

— 1E14

— 1E16

— 2.3E17
5.2E17

— 1E18

500 1000

1500

2000

Wavenumber (cm™)

2500

24

- grown and irradiated FZ - Si
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Further measurementses?

A Fingerprint zone of the Si pieces is shown foras  -grown and irradiated CZ (left) and
FZ(right) graphs

A Big Oxygen peak appears in CZ samples

) UNIVERSITE
) DE GENEVE CE/RW

A VOO peak appeared only at extreme fluences

Energy (eV)
0.0868 0.0992 0.1116 0.1240 0.1364 0.1488

Energy (eV)

0.45 0.0868 00992 01116 01240 01364  0.1488
0.40 . . . : . : : : :
__040d  [VO]° peak@830 cm™
=] [O] peak@1107 cm™ 03
e __ 035
Z 035 S
5 | 8
7]
2 S 030}
S £
|: 0.25 = FZ-Asgrown 2 025 L = FZ-Asgrown
' e Cz-ASgrown E ! = 1E10
1E10 n/cm? - 1E12
\ e 1E12 — 1E14
020 | \ e — 1E16
23617 0.20 - \f — 2.3E17
e 5 2E17 \
I, i 5.2E17
0.15 R 1 R 1 R I . 1 R — 1E18
700 800 900 1000 1100 1200 015 , , , , , , , , )
700 800 900 1000 1100 1200

Wavenumber (cm™)

[Oi] and [VO] peaks in Transmission spectrum of as - Wavenumber (cm™) 25
arown and irradiated CZ - Sij Transmission spectrum of as - grown and irradiated FZ - Si
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Further measurements e’

A Fingerprint zone of the Si pieces is shown for as  -grown and irradiated CZ (left) and
FZ(right) graphs

A Big Oxygen peak appears in CZ samples
A VOO peak appeared only at extreme fluences

A Three(two) peaks appear in CZ(FZ) samples at extreme fluences at 487, 513(missing in
FZ) and 527 cm -1

Energy (eV) Energy (eV)
0.0496 0.0558 0.0620 0.0682 0.0744 0.0806 0.0868 0.0496 0.0558 0.0620 0.0682 0.0744 0.0806 0.0868

0.60 T T T T T T T T T T T T
— FZ-Asgrown 0.45

0.55 = Cz-Asgrown ] \

050 I 1E10 n/cm? 0.40 i
— —— 1E12 - o) .
S 045 —— 1E14 S 035 i h peak@486 cm .
< — 1E16 & '\\ peak@527 cm™ N
o 040 2.3E17 c 030 N
© 035 —— 5.2E17 Q . v
i . [%)] Wi, 4
0 » 025
é 0.30 g v

0.20 3

% 0.25 % — FZ-Asgrown
— = —— 1E10
= 020 R 1E12

0.15 | peak@487 cm™* 010 | 1EL4

I ; Y |—1E16
010 L Peak@513 cm 1 > aEL7
- peak@527 cmt 0.05 5.2E17
0.05 - —— 1E18 . o L
Y 400 450 500 550 600 650 700
400 450 500 550 600 650 700

Wavenumber (cm™)

-1
Wavenumb§(fBRD3 WEEK, NOVEMBER 10 - 14, 2025 o _
Three other peaks inas - grown and irradiated CZ - Si Two peaks appeared in as - grown and irradiated FZ - Si
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Normalized w.r.t Float zone 7

A Magnified images of Cz samples normalized w.r.t as-grown

A Peak@b13cmrlis due to wagging/bending vibrations of Oxygen interstitial?

A No peaks in literature at 480cm-?

A To determine the concentration of VO and Oi defects and compare with UoG

15 N- T " y q | E— F|I — T T T T T . T . T . T . T
prmalized w.r.t Float zone .
= Cz-Asgrown Normalized w.r.t Float zone
== 1E10 n/cm?
1E12
A —— 1E14
- 480 and 513 cm —— 1E16 -
S — 2.3E17 5
. 5.2E17 i
~ e 1E18 ~—
c c
9 o
%) )
0 2
E 10 g 10
2 0
@ @
L — S
— —
-1 — 1E16
830 and 1107 cm e
i 5.2E17
—— 1E18
1 L 1 L 1 L 1 L 1 L 1 L 1 L N 1 N 1 N | L |

380 400 420 440 460 480 500 520 540 700 800 900 1000 1100

Wavenumber (cm™) Wavenumber (cm™)
Normalization shows two peaks in Transmission Nfﬁm%g&% Transmission spectrum (different range) 27
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Oi1 and VO Concentrations

U At UoG, samples were placed at room
temperature for 40 days

U [O;] concentration in CZ silicon decreases with
fluence

A A vacancy dip appeared only for 1E16 n/cm?2 and
above at 830 cm! (second mode at 885cmtis
missing)

A O. depletion rate/loss due to vacancy capture is -
0.086 cm?

A Introduction rate of VO(A center) from 1E16 to
1E18 is 0.028 cm!

U Excess O, is consumed in formation of other
defects, not visible here.

4TH DRD3 WEEK, NOVEMBER 10
| https://doi.org/10.29235/1561  -8358 -2021-66-2-227 -233
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Czochralski Si: [0i] & [VO] Concentrations

—e— [0i]_UoG
-:0-+ [Oi]_CERN E
—e— VO _UoG °

-:0++ VO_CERN
(I) 10‘10 1612 10‘14 10‘16 10‘15

Fluence (neutrons cm—2)

[O,] and [VO 9] concentrations
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Outlook: Low temperature FTIR

A Integration with the cryostat in SSD lab for low
temperature measurements

A External beam pass through the
reflecting/focusing  mirrors, sample and external

detector

A Connecting cable to submit signal from external
detector to the FTIR box

4TH DRD3 WEEK, NOVEMBER 10

FTIR Box

/27" UNIVERSITE
42/ DE GENEVE (iERN

NS

Cryostat window (KBr)
L f‘ .

Sample -/ Beam path

Table with FTIR box and U-shaped cutting

: 10cm : :
P 1- External detector
. . ! | :
‘ocusing mirrg, o \J

Cryostat

56 cm

Schematic for Low temperature FTIR equipment at

- 14, 2025

CERN
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éeLow temperatur "

A We already have the external detector, adaptation
box, mirrors and connecting cable

A KBr Windows and sample holder for the cryostat have
been ordered

A Looking forward for low temperature measurements =)

SHOE-18B

Transmission, 0.39" clear view with 8

electrical connections

Components for LT - FTIR
4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 30
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Conclusion 2

AOptical characterization tools are mandatory to study defects kinematics
at extreme fluences

AConcentration of O, and A centers have been calculated at extreme
fluences

AAnnealing and low temperature FTIR curve studies will provide useful
Information about defects kinematics

Future work

AWaiting for another batch of CZ samplesirradiated to extreme fluences
AFTIR studies of un-processed wafers from GainLayer Project

ALow temperature FTIR

AAnnealing studies to determine defect characteristics at extreme
fluences

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 31



Thankyou for you attention =)

ABackup slides
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- 14, 2025

32



Absorption coefficient

Absorption coefficient (cm™)
00}

Energy (eV)
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| v | | v |
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Irradiaed Cz_ CERN
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Optical beam path

The actual beam path is determined by:

A The used source

A The used sample compartment and

A The used detector

H:Il

H:

A1

Figure 4.9:

INVENIO R - Optical beam path

G!

H::llI

NOVI

Fig. 4.9 | Explanation

A MIR source

A NIR source

A IR beam inlet for an externally installed source
Aperture wheel

B Mote: The aperture wheel has 12 default wheel positions with aperture
diameters ranging from 0.25 mm to 8 mm.
Interferometer block with integrated beamsplitter

D Optical filter wheel (IVU - Internal Validation Unit), filter diameter: 25 mm

E Attenuation wheel (optional component)

= Sample compartment window (IR beam entrance into the large-sized sam-
ple compartment)

= Sample compartment window (IR beam exit of the large-sized sample
compartment)

G Sample position in the large-sized sample compartment

G’ Sample position in the small-sized sample compartment
Detector (MultiTect-type), in case the large-sized sample compartment is

H used
Standard: Multi-detector unit with one room temperature DTGS detector
Option: Multi-detector unit with up to five detectors

H’ IR beam outlet for an externally installed detector (e.g. bolometer)

b Detector (DigiTect-type), MCT and DLaTGS, in case the large-sized sam-
ple compartment is used

e Detector (DTGS room temperature) in case the small-sized sample com-
partment is used

EII\/IBER 10IR-beamiiiflet for connecting an external accessory (e.g. Hypérion micro-

scope)




Irradiation iInduced defects

1.12eV

Electrically active defects

Conduction Band

S— E30(0/+)
'VO(-/0) P(0/+) -
_,.Vz(z/-) BD (0/++) /-
3 E205 (-/0
EO) lP( : 05 (-/0) E5 (O/—)
H152K (0/-)
§ — H140K (0/-)
CO(+/0) H116K (0/-)
‘B (0/-)

Valence Band

4TH DRD3 WEEK, NOVEMBER 10

Optically active defects

defect absorption EWHM calibration o
pealk coeff.
[cm'l] [cm'l] [-::m'2]
o} 1107 34 3.14E+17 RT
C. 605 9.40E+16
vo'? 830 5.3 8.50E+16 RT
vo'? 836 2.35 | 3.50E+16 20K
vo'! 877 5.3 8.50E+16 RT
vo'! 885 2.35 | 3.50E+16 20K
VO, 889 4.25E+16 RT
VO, 905 8.50E+16
VO, 969 8.50E+16
VO, 985 4.25E+16
V-0 826 8.50E+16
V40 839 8.50E+16
Ly 1012 20K
Oy 1013 7.20E+16 RT
Oy 1060 20K
6 1062 7.8 RT
CiOi 862 RT
ICiOi 1020 RT
vV, 2767 25K
- 142695 35




2.6x10%¢ ‘ ‘ ‘ ‘
1 ‘7.7 VO defect concentration (300 K)\ ¢

- . . . 2.4x10'®
Oi1 and VO Concentrations in CZ Si ™"
""E 2.2x10'°
:gz.ono16
U [O;] Concentration decreases with fluence 5 oo -
U Around 5% decrease in the concentration .
(to compare with A center concentration) 1 e
1.4x10% increase from 27 =32% with-increase in fluence
U Proton concentration decreases by 60, 40 P ey e e e P S
0 2 oX .UX oX .UX .oX .UX AX
and 30% from 1el7 & 1el18 p/cm Fluence (n/om?)
A Decrease in O, results in increase of vacancy 20 [0 Complexes from Normaiized CZ w.r FZ Si

oxygen complexes with increase in fluences

A Dip appeared only for 2.3E17 n/cm? and
above at 830 cm! (second mode at 885 cm-iis
missing)

U 27-32 % Iincrease In defects percentage
w.r.t last fluence

Transmission (a.u)
= B =
~ oo ©
T

=
o
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IR: Masses, Atoms and Springs

Picture the atoms of a diatomic molecule as point

masses connected by springs (bonds). MMM
MJJJJUL;.
Using Hookeds Law Q- 100000 ,-@
F = -kx =9
. o 1 k . mm,
= , back lib —
Fp Jgirt(i:c?n restoring back to equilibrium 1= m

20\ m e

k = characteristic stretching constant
n = frequency

X = displacement from the equilibrium

position k = spring strength (bond stiffness)

Mg = reducedomass (~ mass of largest atom)



Examples of stretching frequencies and
correlations with bond strengths (bond
order)

Bond strength* Bond order n
C.C 350 1 1000 cm-1
C=C 600 2 1600 cm-
-1
c=c 840 3 2200 cm

11 kd/mol For same reduced mass!

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025
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Which should have a higher stretching
frequency, CO, CO™, or CO™? Why?

ooricl and 12 higher the frecuency for the IR

CO =(8)?(p)* CO*=(s)?(p)®> CO =(s)?(p)*(p ¥*

Bond order;: CO =3, CO"=5/2, CO =5/2

CO will have the higher stretching frequency

CO" and CO will have similar, lower frequencies



