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Energetic ions for semiconductor implantation

Among semiconducteprocessing techniques, ion implantation is nearly unique in
that process parameters, such @sncentrationanddepth of the desired dopantare
specified directly in the equipment settings fanplant doseandenergy, respectively

@ @ @ p-type semiconductor P-n junction
(space charge region
\ or depletion layer)
L J
e

n-type semiconductor re-uniting

Processing a simpletgpe metal oxide semiconductor during the 1970s may have
required 6 to 8 implants.

A modern (CMOQOS) IC with embedded memory may contain 89 teplants

lon energy requirements vary frolass than lkeVto more than 3,00(eV.
Thehighest ion dosamplanted with an economical throughput is abdl{i*®/cm?.



lon Beam Interaction with Matter

DEE-E,
DE= (iHdx) *DX

dHdx = S+S,

Nuclear energy loss (Sn)
Governed by elastic collision b/w
projectile and target atoms.
Dominates at low energy

Scattered ‘

—)
o—0® __
Recoiled

Electronic energy loss (Se)

A 1t is not through two body binary
collision process.

A Dominates at high energy (SHII)
A No atomic movement expected
A Generates thermal spike
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Velocity of ion with energy 1 MeV/nucleon =
1.4x10°%m/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




lon Beam Facilities Available at IUAC for Materials Science

15 MV Pelletron+ LINAC
50 MeV to 200 MeV

oBHIl for Materials modification.

oElastic Recoil Detection Analysis.

1.7 MV Pelletron
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The initial interaction processes of the energy transfer from a high energy heavy
ion to electrons bound to inner-shells take only 10" 11°10' 18,

Electronic processes

Stage 11017to 10%6s
A Generation of delteelectrons

Stage 2 10'°to 104
A Propagation electrons
A Impact ionization
A Electron cascade

Velocity of ion with energy
1 MeV/nucleon = 1.4xP0m/s
Time taken to travel 1nm = #0s

Relaxation processes

Stage3 ~10 fsg 1 ps
A Electronphonon coupling

Staged pslattice processes Narrow cylindrical target zone
A Atomic collision coaxial with the ion path consists of

A Thermal spike wo-O2 YLEZYy Sy u Litlkavlk 2% o002
L. tFOGUAOS d2Ya YR aK2iueg S
A Radiative decay

Ah i KSNA X ®THERMAL SPIKE MODEL




The mathematical description of a twemperature 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

oI, 1a] d1,

ce(Te) = =;g_rr<f(?;)a—:]—g(?;—n) +A(r, 1)
dT, 1d] dT,

CIT(T:T) 51’“ :?E_thT(TﬁI) arT]_{_g(]:’_TﬂJ—I_B{rﬁ rj

r = radial distance from the path of swift heavy ion.

T » G 5 andK, , aretemperature, specific heatandthermal conductivityfor the
electronic and atomic subsystems, respectively

A(r, t)andB(r, t)are the energy distribution on the electronic system fr&sand
atomic systems fronsnrespectively.

g is theelectroncphonon coupling parametewhichcontrols the flux of heat or
energy from the electrons to the phonons per unit time and volume



Thermal spike calculation for ion track radius in silica

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



SHI is novel tool to generate thermal spike

U Ultrafast, duration ~Picosecond (14s).

U Highly localized in cylindrical zone of diametek(m and length several
micron.

U Peak spike temperature can be controlled by choosing electronic energy
loss of irradiating ion in the medium.

U Peak spike temperature can be fairly estimated using Thermal Spike model
formalism. energy (MeV)

U Selective, metals are insensitive. o —
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We use this tool for:
A Recrystallization of damaged
semiconductors
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A Formation and evolution of porous w e e w G e
structure in Ge | P 9
A lon beam shaping of silieembedded For maximumSe

lon energy ~1 MeV/nucleon
For Au it is ~200MeV
For Ag with energy ~100MeV

nanoparticles



Recrystallization of partially damaged semiconductors
by 100 MeV Ag irradiation



4H-SIiC

A Structure: an equal number

Properties of Ge GaAs

A Structure: A Structure .

. . : of cubicand hexagonal bonds
Diamond cubic Zincblende : .

Ban 43 eV with a stacking sequences of
ALFaar0s o2y BP9 488Ve .+ ascE
_ A Dlsplacement threshold& Bandgap: 3.26 eV

A Band gap: 0.67 eV energiesEd,; 10eV A Displacement threshold
A Melting point: 1211K

A Melting point (1238C) energieskEd;= 35 eV

andEd-= 20 eV
A Decomposition temperature:
P ® As ~2830°C
© é'(, ~ Zincblende Ositlh  ock)  Qvik
SR Lattice

S A (Gas)

ABCABCABCA
4H-SiC

Abovematerialsare insensitiveto amorphizationusing100MeV Ag N




RBS Yield

Damage creation in-6Gesamples: RBS/C study

pris_ch
o |A Damage formation by 10@eV Ar
1000 - 2E13
‘ 4E13 _ _
se13  |A Rutherford Backscattering Spectrometry in
. 54| Channelingcondition (¢RBS) using MeV He
8E14 ions
pris_rnd
100 |- n
1200 1350 1500 1650

Channel Number

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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CRYSTAL IMAGE
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Damage creation in-6Gesamples

—— Set A
— Set B

— Set C

VIncreased amount of damage
VIncreased layer thickness
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Damage creation in-6esamples: Raman study
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Intensity (A.U)
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-Modification of bond length and bond angledue to

presenceof surroundingdefects

Ramanpeakshift
- Dueto strainetc.
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Damage creation in-6Gesamples: XTEM study

A Isolated amorphous pockets in partially
damaged set A samples

A Continuous amorphous layer in set C

. Undamaged 5amp|es
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100 MeV Ag irradiation: Seh partlally damaged Ge

U Temperature: 300 K
U Beam current: 1pnA
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17 Sonuet. al. RSC Adv., 2016, 6, 4576



SetA partially damaged Ge: Irradiation at high temperature

Completerecrystallizationat 473 K
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Sonuet. al. Mater. Res. Express 2 (2015) 045903
Sonuet. al. RSC Adv., 2016, 6, 4576
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Damage

100 MeV Ag irradiation: SeB partially damaged Ge
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SetB partially damaged Ge: Irradiation at high temperature
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20 Sonu et. al. RSC Adv., 2016, 6, 4576



SetB partially damaged GeSteady State Annealing

Thermal Annealing under high vacuum condition (~10® mbar)
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U Peak damage reduced by 90 % at 873 K
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21 Sonu et. al. RSC Adv., 2016, 6, 4576



SetCAmorphizedGe: 100 MeV Agradiation@RoomTlemp

Set C Raman Shift (cm'1)
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22 Sonu et. al. Mater. Res. Express 2 (2015) 045903 Expansion of amorphous Iayer



SetC Amorphized Ge : 100 MeV Ag Irradiation3at3 K and 473 K

7 DPA-373 K
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SetCAmorphizedGe

Thermal Annealing under high vacuum condition (~10® mbar)
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A Width of damage profile reduced from ~210
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24 Sonu et. al. RSC Adv., 2016, 6, 4576



Estimation of activation energy
Comparison of thermal and SHI induceecrystallization
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Damage Buildup by Low Energy 10880 keVArin 4HSIC
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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) 163836



Damage Buildup by Low Energy loB€0keV Arin GaAs

RBS/C Raman
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Multi -step damage accumulation Model Analysis:
300keVArin 4HSIC and GaAs

dpa (TRIM estimated)

J. Jagielski, LThomé& Appl. Phys. A 97 (2009) 147

0 02 04 06 08 10 fa1 = fi1[1 —exp(—01¢)] for 0< < ¢4
1.0 |- (a) 4H-SiC 0 . dpa (TRIM estimated) fa1=fid + (faz—fai) [l —exp(=0y(¢ — p1)] for pp< p< ¢,
E 0. _ .0'2. _ .0'4, _ .0'6. _ .0'8. _ ’1.01
04 E 1.0 |- (b) GaAs 0 oo B
- 06F 1 osf 1 | U The first step of damage accumulation|
04 f 1 _osf 1 | describeghe transformationfrom a perfectly
a5 b :'Lssf;ﬁc\:'ﬂf_it T 1 | crystallineto a partially damagedstructure,
B B Xperimen ] - i . . . .
k8 . 3 o2} - mes/ceperiment | | VI @ direct-impact mechanism ¢ Isolated
o 2 o 6 s 100 vsbAm2ft 1 | point defectformation
s s e ) o s w 15 2 = |{jThe second step is triggered by the
Fluence (x10"cm ) destabilization of the current structural
Target Parameters (MSDA model)* . : :
o UG I ) X organizationof the crystal ¢ Agglomeration
GaAs  0.016+0.003 (2.37£0.01) x 10~ 2 0.96+0.04 (1.99+0.25) x 10~ 6.9 + 10 1
4H-SiC  0.1740.06  (4.96+2.21) x 107 0.9940.01 (1.3240.13) x 10718 2.8 + 1014 of defectsand formation of CompIeXdefeCtS

*f11, fa2 - damage; o1, o3 — cross-sections; X - threshold fluence for step 1.

Conclusions

u Displacementiamageof 0.3 dpaisfoundto be the damagethresholdabovewhichthere isarapid damagebuild-up
behaviorexhibitedby both GaAsand4H-SiC

u As a consequenceof lattice damage formation, the materials experienceloss of crystallinity and chemical
modificationsasrevealedby RBS/@nd Ramarspectroscopysupportedby U\-Visspectroscopyand H-XPS

u 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
processesn irradiated GaAsand 4H-SiC

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) 163836



lon beam assisted annealingre-damaged GaAs

TRIM Raman Recovery
Simulations 100 MeV Ag 300 keVAr +100 MeVAg
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lon beam assisted annealingarying fluences ofl00 MeV Ag on
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Simulations Thermal spike model

M. Toulemondeet.al. Nuc. Instrum. Meth. B 166167, 903 912, 2000
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RT irradiation gives rise to a slightly higher thermal spike temperature and a longer spike duration.
LT irradiation quenching of the thermal spike is faster.
It appears that if the swift Ag ion moves across the amorpl&iGshe track temperature exceeds the

melting temperature of 2445 K.
elting P A. Chakravorty et. al. J. Appl. Phys. 128, 165901 (2020)



A pictorial representation showing the passage of
energetic ions through an embedded amorphous
nano-zonesurrounded by crystalline material.
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Simulations 3D Thermal spike model

M. Toulemondeet.al. Nuc. Instrum. Meth. B 166167, 903 912, 2000
C.Dufour, V.Khomenkovy G Rizza and Mloulemonde J. Phys. D: Appl. Phys. 45, 065302 (2012)



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

Simulations GaAs

PhyS|cs 92(12), 163P637 (2014)
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