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Motivation

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

ÅEnergy: 100 TeV

ÅIntegrated Luminosity: 30 ab -1 (30x10 34 cm-2s-1)

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

ü Si detector are located at the closest proximity (Ò20
cm) across the beamline

ü Current detectors can only bear upto 2x1015 neq/cm 2

ü Radiation damage studies at extreme fluences
becomes crucial

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 Plot displaying 1 MeV neutron equivalent fluence 
w.r.t. radius along the beam center

PHYS. REV. ACCEL. BEAMS 19, 111004 (2016)

Future Circular Collider (FCC)
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ÅWhat are Radiation damages

ÅIonizing (surface damages) and non -ionizing energy loss (bulk damages)

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

ÅCascade of defects with increase in incident energies

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 

Christian W. Fabjan and Herwig Schopper Volume 2: Detectors for Particles and Radiation

Motivation..(Radiation Damages)

Creation of defects in Si lattice Displacement damages with increased incident particle energies
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Motivationé(Characterization Tools)

Defect characterization tools

Å Electrical Characterization:
ü Deep level Transient Spectroscopy (DLTS)
ü Thermally Stimulated Current Technique 

(TSC)
ü Current -Voltage and Capacitance-Voltage 

Measurements (IV -CV)
ü Transient Current Technique (TCT) 

Å Optical Characterization:
ü Fourier Transform Infrared Spectroscopy 

(FTIR)
ü Photoluminescence spectroscopy (PL)

And othersé
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Some electrically active defects

Christian W. Fabjan and Herwig Schopper Volume 2: Detectors for Particles and Radiation
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Challenges at Extreme Fluences
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At extreme fluences 
ü Defect density >>> Neff
ü Intense Crystal damages doesnõt provide 

discrete trapping centers
ü Deceased trapping times
ü Loss of depletion region

Resultantly,

Electrical measurements become incoherent

Use of optical characterization tools becomes 
more beneficial

ÅPros:
ü Non-destructive
ü No sample preparation

ÅCons: 
ü May not detect all electrically active 

defects
ü Expensive instruments
ü Sensitive to surface roughness and 

contamination

Courtesy: ChatGPT

Applicability of different techniques w.r.t fluences
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Infrared spectroscopy (FTIR)
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Working Principle:

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

ÅUnique fingerprint of a material

ÅSpectral range: 4,000 to 400 cm-1

ÅRapid and highly sensitive to chemical bonding

ÅIR active modes give signal through FTIR

Limitations :

ÅCannot be applied to materials with low Transmission
(e.g. metals)

ÅRequires background subtraction

Different types of vibrations

Vibrations producing òfingerprintó spectrum7



Infrared spectroscopy (FTIR)
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Schematic:
ÅA broadband light source to pass the light through 

the interferometer

ÅThe outgoing beam contains information of all the 
wavelengths

ÅLight absorbed at certain frequencies from the 
sample falls on the detector

Schematic of FTIR spectroscopy
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Infrared spectroscopy (FTIR)
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Schematic:
ÅA broadband light source to pass the light through 

the interferometer

ÅThe outgoing beam contains information of all the 
wavelengths

ÅLight absorbed at certain frequencies from the 
sample falls on the detector

ÅSignal(Interferogram) is Fourier transformed to get 
intensity verses wavenumber spectrum

Interferogram
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Infrared spectroscopy (FTIR)
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Schematic:
ÅA broadband light source to pass the light through 

the interferometer

ÅThe outgoing beam contains information of all the 
wavelengths

ÅLight absorbed at certain frequencies from the 
sample falls on the detector

ÅSignal(Interferogram) is Fourier transformed to get 
intensity verses wavenumber spectrum

ÅTypical FTIR spectrum is displayed FTIR spectrum of CO 2 as an example
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FTIR spectroscopy of Si

Limitations
üTransmission through Si depends on optical pass

of radiation inside i.e thickness

üPhonon lines related to oxygen defects appear
with Czochralski Si

üPhonon and oxygen peaks easy to resolve for
thickness between 1 and 3 mm

üCaution for free carrier concentrations in Si is
required

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 
https://www.tydexoptics.com/pdf/Silicon.pdf

Transmission of 5 mm CZ and FZ Si pieces in the range 
1- 25 ŀm

Transmission of OCz- Si and FZ - Si w.r.t 
thickness
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FTIR spectroscopy of Si
All the vibrational modes are not FTIR 

active!

Å In order to absorb infrared radiation, a 

molecular vibration must cause a change in 

the dipole moment of the molecule

Å Absorption at 1136 cm - 1(low 

temperatures) and 1107 cm - 1(room 

temperature): Asymmetric stretch of O i

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 
https://www.tydexoptics.com/pdf/Silicon.pdf

Vibrations with dipole changes produces IR signal

No changed dipole Changed dipole

Symmetric stretch Asymmetric stretch

517 cm -1 1136 cm -1

Si ŜO ŜSi Si-O  -Si   Si- O-Si
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FTIR spectroscopy of Si
All the vibrational modes are not FTIR 

active!

Å In order to absorb infrared radiation, a 

molecular vibration must cause a change in 

the dipole moment of the molecule

Å Oi absorption at 1107 cm - 1 is due to 

perturbations e.g. Clustering

Å Some prominent Si defects and their 

respective IR frequencies are displayed in 

the table!

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 
https://www.tydexoptics.com/pdf/Silicon.pdf Irradiation induced defects observed through IR spectroscopy
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Previous work
Neutrons irradiated Si
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üStudy of MCz Si samples started under the WODEAN
(WOrkshop on DEfect ANalysis ) project , 23-25 August
2006 .

üMCz-Si crystals ( [Oi] = 5x1017 cm-3, [Cs] < 5x1015 cm-3),
Neutron irradiation : 1x1015, 3x1015, 1x1016, 3x1016 cm-2

üThermal annealing in the range 80-250 ºC

üDefect concentration increase with fluence

üI 2O defect anneals by first order decay process with
energy 1.16 eV

Annealing of I 2O defect

Irradiation induced defects observed through IR spectroscopy
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Measurements and Results

ÅSamples:

Magnetic Czochralski ([Oi] Ò4.31e+17 at/cm 3 and [C] <2e+16 at/cm 3)
Floatzone Si

Dimensions: 3x6x10 mm3

ÅTreatments :

Neutrons irradiation at JSI Ljubljana : 1x1010, 1x1012, 1x1014, 1x1016, 2.3x1017,
5.2x1017, 1x1018 n/cm 2

ÅMeasurements:

ÅRoom and low temperature FTIR at University of Geneva

ÅRoom temperature FTIR at CERN 

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



FTIR spectrum of pure Si/Comparison 

Reference Si sample:

Å[C] < 2 × 1016 atoms/cm 3

Å[O] < 1 × 1016 atoms/cm 3

ÅResistivity: 30 -40 kÝ.cm

https://doi.org/10.1364/OL.393847

CERN Si samples:

Å[C] < 2 × 1016 atoms/cm 3

Å[O] < 5 × 1017atoms/cm 3

ÅResistivity > 2 kſ.cm

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 
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Irradiated Czochralski Si
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CO2 from air?? 

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 

750 1000 1250 1500 1750 2000 2250 2500

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

Czochralski Si

T
ra

n
sm

is
si

o
n

 (
a.

u
.)

Wavenumber (cm-1)

 As-Grown Cz

 1E10

 1E12

 1E14

 1E16

 2.3E17

 5.2E17

 1E18

ÅPeak related to Oi was visible in all of the
samples(irradiated and non-irradiated)

ÅVacancy-Oxygen complex in neutral state was observed
only at extreme fluences

ÅNext ->Calculation of defect concentrations

Transmission of Cz- Si normalized w.r.t. FZ Si
Transmission spectrum of Cz- Si
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Concentration of Oi (ASTM # F1186:STEPS)
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WP= 1106.003 cm-1

Tp=1.03072 

Tb= 1.63862

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

1. Normalized the sample w.r.t Si with òNo Oxygen ó, (Float zone here)

2. Take 900 - 1300 spectrum range

3. Take average of points from 900 -1000 and 1200-1300 to define the 
end points of the baseline

4. Take Tp and Wp as the transmission and wavenumbers at ôminimaõ

5. Take Tb as Baseline points normal to the minima

6. Use the following formulas to determine the Oxygen concentrations:

Ųp = - ὰὲ
Ȣ Ȣ Ȣ Ȣ Ȣ Ȣ

Ȣ

Ųb = - ὰὲ
Ȣ Ȣ Ȣ Ȣ Ȣ Ȣ

Ȣ

Where, Ųp and Ųb are peak and baseline absorption coefficient

X, thickness of the sample

Tp and Tb are peak and baseline Transmittance.

The net absorption coefficient:

Ų0 =  Ųp - Ųb;

Hence, Interstitial oxygen content= 3.14x10 17Ų0
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Result shown later (in comparison with 

measurements at CERN)

Display of ASTM Steps to calculate 
concentrations 
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Low temperature measurements

FTIR of two samples ( asgrown and irradiated@ 1x10 18 n/cm 2 Czochralski Si) at 
10,50,150, 200 and 300 K 
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: 0.53- 0.63 eV (5132-4272 cm
-1

)offset shift from RT to 10K

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 Temperature dependent Transmission spectrum 
of as - grown and irradiated CZ - Si

Transmission of irradiated Cz- Si normalized 
w.r.t.as - grown Cz- Si at different temperatures
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Temp. dependent Absorption
coefficient : Split into ranges
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Temp. dependent FTIR
(Analysis)
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ÅASTM method : temperature dependent FTIR
spectrum of oxygen free Si sample is required

ÅTo apply Beer-Lambert Law: Calculate absorption
coefficient and normalize it w.r .t as-grown
Czochralski :
üFine with VO complex
üFor Oi, Negative peak appearing?
üBetter to normalize w.r .t FZ Si at low

temperatures .
Normalized absorption coefficient w.r.t 

as- grown CZ - Si
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FTIR spectroscopy at CERN
ÅBruker Invenio -R System

ÅSpectrum range : 350 -8000 cm -1

ÅSpectral resolution: Ò 0.16 cm-1

ÅStandard 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 
measurements

ÅAsgrown Czochralski 3 mm thickness

ÅAperture size=0.5

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 

Some Bricolage: Sample ready to measure
First measurement at CERN

233D designed sample holders

Original   3mm thick Si pieces  GLP samples



Further measurementsé
ÅFingerprint zone of the Si pieces is shown for as -grown and irradiated CZ (left) and 

FZ(right) graphs

ÅBig Oxygen peak appears in CZ samples
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Transmission spectrum of as - grown and irradiated 
CZ- Si, as - grown FZ is also shown as reference Transmission spectrum of as - grown and irradiated FZ - Si
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Further measurementsé
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ÅFingerprint zone of the Si pieces is shown for as -grown and irradiated CZ (left) and 
FZ(right) graphs

ÅBig Oxygen peak appears in CZ samples

ÅVO0 peak appeared only at extreme fluences

Transmission spectrum of as - grown and irradiated FZ - Si
[Oi] and [VO] peaks in Transmission spectrum of as -

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

ÅBig Oxygen peak appears in CZ samples

ÅVO0 peak appeared only at extreme fluences

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

Two peaks appeared in as - grown and irradiated FZ - SiThree other peaks in as - grown and irradiated CZ - Si
4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 26



Normalized w.r.t Float zone

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

ÅPeak@513cm-1 is due to wagging/bending vibrations of Oxygen interstitial?

ÅNo peaks in literature at 480 cm-1

ÅTo determine the concentration of VO and Oi defects and compare with UoG
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480 and 513 cm-1
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830 and 1107 cm-1

Normalization shows two peaks in Transmission 
spectrum of CZ - Si

Normalized Transmission spectrum (different range)
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Oi and VO Concentrations

üAt UoG, samples were placed at room
temperature for 40 days

ü [O i] concentration in CZ silicon decreases with
fluence

ÅA vacancy dip appeared only for 1E16 n/cm 2 and
above at 830 cm-1 (second mode at 885 cm-1 is
missing)

ÅOi depletion rate/loss due to vacancy capture is -
0.086 cm-1

ÅIntroduction rate of VO(A center) from 1E16 to
1E18 is 0.028 cm-1

üExcess Oi is consumed in formation of other
defects, not visible here .

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 
https://doi.org/10.29235/1561 -8358 -2021-66-2-227 -233

[O i] and [VO 0] concentrations
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Outlook: Low temperature FTIR

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 

ÅIntegration with the cryostat in SSD lab for low
temperature measurements

ÅExternal beam pass through the
reflecting/focusing mirrors, sample and external
detector

ÅConnecting cable to submit signal from external
detector to the FTIR box

Schematic for Low temperature FTIR equipment at 
CERN
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éLow temperature FTIR

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

ÅKBr Windows and sample holder for the cryostat have 
been ordered

ÅLooking forward for low temperature measurements =)

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 

Components for LT - FTIR

30



Conclusion
ÅOptical characterization tools are mandatory to study defects kinematics

at extreme fluences

ÅConcentration of Oi and A centers have been calculated at extreme
fluences

ÅAnnealing and low temperature FTIR curve studies will provide useful
information about defects kinematics

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

Future work
ÅWaiting for another batch of CZ samples irradiated to extreme fluences

ÅFTIR studies of un-processed wafers from Gain Layer Project

ÅLow temperature FTIR

ÅAnnealing studies to determine defect characteristics at extreme
fluences



Thankyou for you attention =)

ÅBackup slides
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Absorption coefficient
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Optical beam path
The actual beam path is determined by:

ÅThe used source

ÅThe used sample compartment and

ÅThe used detector
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Irradiation induced defects

4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 
V2 2767 25K

Electrically active defects Optically active defects
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Oi and VO Concentrations in CZ Si

ü[O i] Concentration decreases with fluence

üAround 5% decrease in the concentration
(to compare with A center concentration)

üProton concentration decreases by 60, 40
and 30% from 1e17ð1e18 p/cm 2

ÅDecrease in Oi results in increase of vacancy
oxygen complexes with increase in fluences

ÅDip appeared only for 2.3E17 n/cm 2 and
above at 830 cm-1 (second mode at 885 cm-1is
missing)

ü27-32 % increase in defects percentage
w.r .t last fluence
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Increase from 27 - 32% with increase in fluence
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IR: Masses, Atoms and Springs

F = force, restoring back to equilibrium 
position

k = characteristic stretching constant

x = displacement from the equilibrium 
position

Picture the atoms of a diatomic molecule as point 
masses connected by springs (bonds).

Using Hookeõs Law

F = -kx

 

n=
1

2p

k

mr

 

mr=
m1m2

m1+m2

n= frequency

k = spring strength (bond stiffness)

mr = reduced mass (~ mass of largest atom) 4TH DRD3 WEEK, NOVEMBER 10 - 14, 2025 37



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

C-C

C=C

C C

Bond strength*

350

600

840

Bond order

1

2

3

n

2200 cm -1

1600 cm-1

1000 cm-1

*In kJ/mol For same reduced mass!
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Which should have a higher stretching 
frequency, CO,  CO +, or CO-?  Why?

Ans:  The higher the bond order, the stronger the 
bond and the higher the frequency for the IR 

stretch.

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

CO = (s)2(p)4 CO+ = (s)2(p)3 CO- = (s)2(p)4(p*)1
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