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Plan of my presentation

Å Swift Heavy Ion(SHI): a novel tool
Å Recrystallization of partially damaged semiconductors
Å Open volume formation and evolution in amorphous-Ge 

by SHI irradiation
Å Electronic Sputtering of PorousGe by SHI Irradiation
Å Melting of TiO2 nanowires by SHI Irradiation
Å Ion beam shaping of nano-particle
Å SHI interaction with silica-embedded nano-alloy
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Processing a simple n-type metal oxide semiconductor during the 1970s may have 
required 6 to 8 implants.
A modern   (CMOS) IC with embedded memory may contain up to 35 implants.
Ion energy requirements vary from less than 1 keVto more than 3,000 keV.
The highest ion doseimplanted with an economical throughput is about 1016/cm2.

Among semiconductor-processing techniques, ion implantation is nearly unique in 
that process parameters, such as concentrationand depth of the desired dopant, are 
specified directly in the equipment settings for implant doseand energy, respectively

Energetic ions for semiconductor implantation



Ion Beam Interaction with Matter

Electronic energy loss (Se)

ÅIt is not through two body binary 
collision process.

ÅDominates at high energy (SHII)

ÅNo atomic movement expected

ÅGenerates thermal spike

DE=Ei-Eo

DE= (dE/dx) *DX

dE/dx = Se+Sn

Ei

Eo

DX

Ve electron velocity

Velocity of ion with energy 1 MeV/nucleon = 

1.4x109cm/s.

Bohr model predicts that the electron 

associated with a hydrogen nucleus would be 

moving at 2.42 x 108 cm /sec.

Equivalent ion energy ~200keV/u

Recoiled

Scattered

Nuclear energy loss (Sn)

Governed by elastic collision b/w 

projectile and target atoms.

Dominates at low energy



Ion Beam Facilities Available at IUAC for Materials Science

LEIBF

(ECR and SNICS)

A few tens of keVto a few MeV

ωSHII for Materials modification.

ωElastic Recoil Detection Analysis.

ωImplantation

ωControlled damage formation

ωOrdered Structuring of surfaces

1.7 MV Pelletron 

ωRutherford Back Scattering (RBS)

ωRBS-Channeling

ωPIXE (Particle Induced X-ray Emission)

15 MV Pelletron+ LINAC

50 MeV to 200 MeV

SWEEPER DB1 DB2

Superconducting 
Resonator

12MV

-1

+q

E=(q+1)TP



The initial interaction processes of the energy transfer from a high energy heavy 

ion to electrons bound to inner-shells take only 10ī19ï10ī17s.

Velocity of ion with energy 
1 MeV/nucleon = 1.4x109cm/s
Time taken to travel 1nm = 10-16 s 

Electronic processes 

Stage 1 10-17 to 10-16 s
ÅGeneration of delta-electrons

Stage 2 10-15 to 10-14

ÅPropagation electrons
Å Impact ionization
ÅElectron cascade

Relaxation processes

Stage3: ~10 fs ς1 ps
ÅElectron-phonon coupling

Stage4Υ җ м pslattice processes
ÅAtomic collision
ÅThermal spike
ÅRadiative decay
ÅhǘƘŜǊǎΧΦ

Narrow cylindrical target zone 
coaxial with the ion path consists of 
two-ŎƻƳǇƻƴŜƴǘ ǇƭŀǎƳŀ ƻŦ άŎƻƭŘέ 
ƭŀǘǘƛŎŜ ŀǘƻƳǎ ŀƴŘ άƘƻǘέ ŜƭŜŎǘǊƻƴǎΦ  

THERMAL SPIKE MODEL



Based on a set of two coupled heat diffusion equations
One for the electron system and one for the phonon system
Estimate the peak temperature along the ion track in cylindrical geometry

r = radial distance from the path of swift heavy ion. 
Te, a, Ce, a, and Ke, a, are temperature, specific heatand thermal conductivityfor the 
electronic and atomic subsystems, respectively. 
A(r, t) and B(r, t) are the energy distribution on the electronic system from Seand 
atomic systems from Snrespectively. 

g is the electronςphonon coupling parameterwhich controls the flux of heat or 
energy from the electrons to the phonons per unit time and volume.

The mathematical description of a two-temperature model 



Pannu et al, Nucl. Inst. and Meth. in Phys. Res. B, 379 (2016) 206-210

Thermal spike calculation for  ion track radius in silica

S. No. Physical parameters for silica

1 Latent heat of fusion (J/g) 142

2 Latent heat of vaporisation 

(J/g)

4715 

3 Melting temperature (K) 1972 

4 Vaporisation Temperature 

(K)

3223 

5 Mean ionization potential 

(eV)

10

6 Mean solid specific mass 

(g/cm3)

2.2

7 Se (keV/nm) 12.8

8 Sn (keV/nm) 0.24

Ion track radius ï4.7 nm

100 MeV Au ions



üUltrafast, duration ~Picosecond (10-12 s).
üHighly localized in cylindrical zone of diameter 5-10nm and length several 

micron.
üPeak spike temperature can be controlled by choosing electronic energy 

loss of irradiating ion in the medium.
üPeak spike temperature can be fairly estimated using Thermal Spike model 

formalism.
üSelective, metals are insensitive. 

For maximum Se
ion energy ~1 MeV/nucleon
For Au it is ~200MeV
For Ag with energy ~100MeV

SHI is novel tool to generate thermal spike

We use this tool for:
Å Recrystallization of damaged 

semiconductors
Å Formation and evolution of porous 

structure in Ge
Å Ion beam shaping of silica-embedded 

nanoparticles



Recrystallization of partially damaged semiconductors 
by 100 MeV Ag irradiation
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Properties of Ge

Å Structure: 
Diamond cubic

Å [ŀǘǘƛŎŜ ŎƻƴǎǘŀƴǘΥ рΦс *

Å Band gap: 0.67 eV

Å Melting point:  1211K

GaAs

Å Structure:
Zincblende
Å Bandgap: 1.43 eV 

Å Displacement threshold 
energies EdAs: 10 eV 

Å Melting point (1238 °C) 

4H-SiC

Å Structure: an equal number 
of cubicand hexagonal bonds 
with a stacking sequences of 
ABCB

Å Bandgap: 3.26 eV 
Å Displacement threshold 

energies: EdSi= 35 eV             
and EdC= 20 eV

Å Decomposition temperature: 
~2830ÁC  

Abovematerialsare insensitiveto amorphizationusing100MeVAg
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Damage creation in c-Gesamples: RBS/C study

Å Damage formation by 100 keVAr

Å Rutherford Backscattering Spectrometry   in 
Channelingcondition (c-RBS) using 2 MeVHe 
ions

To extract exact depth distribution of damage following effects have to be eliminated
1. Surface peak
2. Dechanneling

We used RBX and DICADA simulation programs and arrived at following depth 
distribution of defects
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Damage creation in c-Gesamples

Set A
Set B

Set C

VIncreased amount of damage
VIncreased layer thickness
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Set A:0.25 DPA

Set B: 0.5 DPA

Set C: 7 DPA

Selection of samples
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Ramanpeakintensity decreases
-Dueto decreasein crystallinefraction

Ramanpeakwidth increases
-Modification of bond length and bond angledue to
presenceof surroundingdefects

Ramanpeakshift
- Dueto strainetc.

Damage creation in c-Gesamples: Raman study
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Damage creation in c-Gesamples: XTEM study

Å Isolated amorphous pockets in partially 
damaged set A samples
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samples
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100 MeV Ag irradiation: Set-A partially damaged Ge

Sonuet. al.Mater. Res. Express 2 (2015) 045903
Sonuet. al. RSC Adv., 2016, 6, 457617
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üTemperature: 300 K
üBeam current: 1pnA

ÅSignificant recrystallizationfrom both sides
ÅDisappearance of a-Gepeak and formation of sharp c-Ge



Set-A partially damaged Ge: Irradiation at high temperature 

Sonuet. al. Mater. Res. Express 2 (2015) 045903
Sonuet. al. RSC Adv., 2016, 6, 457618

Irradiation at 373 K

Irradiation at 473 K

Complete recrystallizationat 473 K
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100 K

300 K

Sonu et. al. RSC Adv., 2016, 6, 4576

Recrystallization even at 100 K

100 MeV Ag irradiation: Set-B partially damaged Ge
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Set-B partially damaged Ge: Irradiation at high temperature

373 K

473 K

Sonu et. al. RSC Adv., 2016, 6, 4576

Substantial recrystallization at 473 K
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Thermal Annealing under high vacuum condition (~10-6 mbar)

Sonu et. al. RSC Adv., 2016, 6, 4576

üNegligible recrystallization up to 473 K

üPeak damage reduced by 90 % at 873 K

üResidual defects at a depth ~40 nm at 873 K

Set-B partially damaged Ge: Steady State Annealing
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Set-C AmorphizedGe: 100 MeV Ag Irradiation@RoomTemp

Sonu et. al. Mater. Res. Express 2 (2015) 045903
Expansion of amorphous layer

Formation of nano-wires 

at the surface

XTEM

ü No recrystallization after SHII at 300 K

ü Nanowires and voids formation



üAbsence of nanowireformation 
üInstead recrystallizationobserved
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Set-C Amorphized Ge : 100 MeV Ag Irradiation at 373 K and 473 K

Sonu et. al. RSC Adv., 2016, 6, 4576



Set-C AmorphizedGe

24 Sonu et. al. RSC Adv., 2016, 6, 4576

Thermal Annealing under high vacuum condition (~10-6 mbar)

Å Negligible recrystallization up to 673 K

ÅWidth of damage profile reduced from ~210 

nm to ~53 nm at 873 K 

Å Incomplete recrystallization even at 873 K
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Estimation of activation energy
Comparison of thermal and SHI induced recrystallization

Damage (DPA) Activation energy (eV)

Thermal SHIInduced

0.5 0.17 0.05

7 0.23 0.06

The rate of relative recovery depends on initial 
disorder level, annealing temperature and ion dose



Damage Buildup by Low Energy Ions: 300 keV Ar in 4H-SiC
RBS/C

Raman 

UV-Vis 

H-XPS

A. Chakravortyet. al. J. Appl. Phys. 128, 165901 (2020)
A. Chakravortyet. al. J. Appl. Phys. 130, 165901 (2021)

A. Chakravortyet. al. Materials Today: Proceedings 47 (2021) 1633ς1636



Damage Buildup by Low Energy Ions: 300 keVAr in GaAs
RBS/C Raman 

A. Chakravorty et. al. J. Phys. D: Appl. Phys. 55 (2022) 505301
A. Chakravorty et. al. Materials Today: Proceedings 47 (2021) 1633ς1636



Multi -step damage accumulation Model Analysis:
300 keVAr in 4H-SiC and GaAs

ü Displacementdamageof 0.3 dpais found to be the damagethresholdabovewhichthere isa rapiddamagebuild-up
behaviorexhibitedby both GaAsand4H-SiC.

ü As a consequenceof lattice damage formation, the materials experience loss of crystallinity and chemical
modificationsasrevealedby RBS/CandRamanspectroscopy,supportedby UV-VisspectroscopyandH-XPS.

ü The two-step behavior in the variation of disorder with irradiation fluence extracted using the RBS/Cdata,
examinedwith the MSDAmodel, confirms that the model is the correct description of damageaccumulation
processesin irradiatedGaAsand4H-SiC.

üThe first step of damage accumulation
describesthe transformationfrom a perfectly
crystalline to a partially damagedstructure,
via a direct-impact mechanism. ς Isolated
point defect formation
üThe second step is triggered by the
destabilization of the current structural
organizationof the crystal. ςAgglomeration
of defectsand formation of complexdefects

Conclusions

A. Chakravortyet. al. J. Phys. D: Appl. Phys. 55 (2022) 505301 

A. Chakravortyet. al. J. Appl. Phys. 128, 165901 (2020)

A. Chakravortyet. al. Materials Today: Proceedings 47 (2021) 1633ï1636

J. Jagielski, L. Thomé, Appl. Phys. A 97 (2009) 147



ü In pristine GaAs, for  6 × 1013

Ag/cm2, the wurtzite related modes 
(LO and TO) are stronger. The 
intensity of the disordered bands 
increases almost by 3 orders of 
magnitude.

üThis may be attributed to the SHI 
induced lattice strain.

üThe damage recovery by SHI shows 
dependence on the  initial damage.

Raman
100 MeV Ag 

RBS/C
100 MeV Ag 

TRIM 
Simulations

Recovery
300 keV Ar + 100 MeV Ag

A. Chakravortyet. al. J. Phys. D: Appl. Phys. 55 (2022) 505301

Ion beam assisted annealing: pre-damaged  GaAs 



(0.3 dpa) (5 dpa)

TEM: 300 keV Ar in GaAs

0.5 dpa +100 MeV Ag at Ḑ80 K with 3 × 1013 Ag/cm2

0.3 dpa +100 MeV Ag 
at Ḑ80 K

0.5 dpa +100 MeV Ag at 
Ḑ80 K

Raman

A. Chakravortyet. al. J. Phys. D: Appl. Phys. 55 (2022) 505301

wŜǎǳƭǘǎ /ƻƴǘΩŘΧΦ



Ion beam assisted annealing: varying fluences of 100 MeV Ag  on 
(2.8× 1013 Ag/cm2; 0.3 dpa) pre-damaged  4H-SiC 

A. Chakravortyet. al. J. Appl. Phys. 130, 165901 (2021)

ü The observed recovery is 62.3% for an 
irradiation fluence of 1 ×1013 ions/cm2.

ü Above this Ag fluence, the recovery 
percentage decreases and saturates at a 
value of about 29%.

ü This may be attributed to the defects 
that are incorporated during ultrafast 
quenching of the inelastic thermal spike 
generated by the swift heavy ions.

ü The damage annealing is more 
pronounced than damage creation 
during SHI

RBS/C: 300 keV Ar + 100 MeV Ag

RBS/C: 100 MeV Ag 

TRIM Simulations



2.8×1014 cmҍн

4.8×1014 cmҍн

Ion beam assisted annealing: same fluence100 MeV Ag  on (0.3 dpa
and 0.5 dpa) pre-damaged  4H-SiC 

A. Chakravortyet. al. J. Appl. Phys. 128, 165901 (2020)

Damage buildup: 300 keVAr RBS/Cς300 keV Ar + 100 MeV Ag in 4H-SiC
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wŜǎǳƭǘǎ /ƻƴǘΩŘΧΦ

A. Chakravorty et. al. J. Appl. Phys. 128, 165901 (2020)

Raman Spectroscopy

DisorderusingRaman
DEFINITION: the 1-Anorm value, which corresponds
to the total area A under the principal first-order
lines normalized to the value Acryst of the
crystallinematerial(Anorm = A/ Acryst).

300 keV Ar in 4H-SiC
100 MeV Agin 4H-SiC 100 MeV Agin 4H-SiC + 300 keV 

Ar in 4H-SiC
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Simulations- Thermal spike model

A. Chakravorty et. al. J. Appl. Phys. 128, 165901 (2020)

M. Toulemondeet.al. Nuc. Instrum. Meth. B 166-167, 903 912, 2000

ü RT irradiation gives rise to a slightly higher thermal spike temperature and a longer spike duration.
ü LT irradiation - quenching of the thermal spike is faster. 
ü It appears that if the swift Ag ion moves across the amorphous SiC, the track temperature exceeds the 

melting temperature of 2445 K.



A pictorial representation showing the passage of 
energetic ions through an embedded amorphous 
nano-zone surrounded by crystalline material.

Damage inclusion

100 MeV Ag

Pre-damaged 
GaAs 
SiC

300 keVAr

Simulations- 3D Thermal spike model

M. Toulemondeet.al. Nuc. Instrum. Meth. B 166-167, 903 912, 2000

C. Dufour, V. Khomenkov, G Rizza and M. Toulemonde, J. Phys. D: Appl. Phys. 45, 065302 (2012)

g (amorphous)>g (crystal)



100MeV Agirradiation at on sphericalamorphousGaAs
nano-zone(diameter: 3 nm) embeddedinsidecrystallineGaAs

Simulations- GaAs

100 MeV Ag in crystalline GaAs 
S. Kadidand A. Meftah, Canadian Journal of 

Physics 92(12), 1632-1637 (2014)

VKp(crystal)     = 100 × Kp(amorphous) 
Vg (crystalline)  = 5× 1011 W cmҍоKҍм

Vg (amorphous) = 3.2 × 1012 W cmҍоKҍ1

A. Chakravortyet. al. J. Phys. D: Appl. Phys. 55 (2022) 505301


