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Overview

 Last lecture

— Simulation of ion stopping, ion trajectories, and ranges
a. Molecular Dynamic Simulations: MDRANGE
b. Monte Carlo Method: TRIM, Crystal-TRIM, TRIDYN

« Today:
— Radiation Damage
— Sputtering

............................................................................................................................................................................................................................................
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Radiation damage

» irradiation of solid with energetic particles (100 eV- 10 GeV) causes all
kinds of damage in the material by the deposited energy

« for low energy ions, in the nuclear collisional regime (50 eV — 100 keV),
main "damage" is permanent displacements of atoms from their original
position and sputtering

* Dby this, crystalline materials are amorphized in the depth of ion range and
eroded

* In the following irradiations at low temperature and low flux are discussed:
few K for metals (high diffusivity of defects) or RT up to ~400K for
semiconductors

typical replacement o
collision sequence K'

"Frenkel pair" is produced :,* ______
when E; > Uy /\
(displacement threshold)

............................................................................................................................................................................................................................................
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Radiation damage

« The formation energy of a Frenkel pair is
U; =U, +U;

« U; depends on the direction of the momentum with respect to the crystal
« arange of U; exists for a target; normally an averaged value is taken
its value lies between the binding energy and the

displacement threshold
Ub <Uf <Ud .+"'
U, ~ few eV

Uf ~ 5‘1 0 eV
U, ~ 20-80 eV

............................................................................................................................................................................................................................................
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Binding energy

« The binding energy of an elemental solid can be estimated from his

sublimation energy

—AHS:%nCNAUb

coordination number

Calculation of created damage

Displacement damage function: N4(E)

defined as number of displaced atoms in a cascade produced by an ion
of energy E

simplest treatment in the hard-sphere model by Kinchin and Pease (1955)

............................................................................................................................................................................................................................................

Institut fir lonenstrahlphysik und Materialforschung e Stefan Facsko ® www.fzd.de ¢ 17.11.2009



loneninduzierte Nanostrukturen

Calculation of created damage

. L _ for M,=M,
Assumptions in the Kinchin Pease model: / (recoil collisions)
dT “dT

1) Hard Sphere Model: P(E,T)dT z—=
= E

2) cascade is created by sequence of two-body nuclear collisions

3) amorphous solid — no effects of crystalline structure

4) probability for a displacement is given by:

A
Pd{En]
(0 if E<U, T
PﬂE)m% if U,<E<2U,
d
1 if E>2U 0 ' >
! d o 1 2 Eo/ Ug

............................................................................................................................................................................................................................................
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Calculation of created damage

Total number of created Frenkel pairs by a recoil with energy T:

N-(T)= ]P(E,T)FE(T,E)dE

Uy

r'ec}r density in the collision cascade

Calculating F¢(T) from the Boltzmann transport equation for the hard sphere
model one gets the Kinchin Pease formula:

T
N.(T)y=——
=30,
However, corrections have to be made according to the screened Coulomb
potential and the threshold for displaments

0 if E<U,
P,(E) =+ 1 if U, <T <2.63U,
0.38L else
\ U,

............................................................................................................................................................................................................................................
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Calculation of created damage

Total number of created Frenkel pairs by the incident ion with energy E,:

j F(T)dan(E,T)dT
. dT

NF (E) = j m<E>

y = energy transfer function
in a dense cascade approximation (large nuclear energy deposition):

E

NZ(E) = ,Kinchin Pease expression*

2U

this is an upper limit, because dynamic annealing will take place
annealing will be highr for denser cascades

E (T)=§(r>%

\ ,cascade efficiency”: lies between 1 and ~0.3

............................................................................................................................................................................................................................................

Institut fir lonenstrahlphysik und Materialforschung e Stefan Facsko ® www.fzd.de ¢ 17.11.2009



loneninduzierte Nanostrukturen

TRIM simulations of created damage

c 14
£ ——10keV Pin Si
S 1.2 displacement energy 15 eV
2 10. Total number
S of displacements
S 08- ~230
&)
©
Q- ] .
g 0.6 Kinchin Pease
relation would
0.4+ give around 400
displ.
0.2 P
OO T T T T T I T | ! |
0 10 20 30 40 50

Depth (nm)

Depends on displacement energy: therefore, better to use deposited energy
Dynamic annealing effects are neglected

............................................................................................................................................................................................................................................
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TRIM simulations of created damage

Important value for the created damage in solids by ion irradiation (or
general by energetic particles) is the number

displacements per atom

dpa gives the number of displacements each atom of the solid has
undergone for an ion beam with fluence F [cm-2]

« ion fluence

N F

In addtion to the effect of ,dynamic annealing” the recombination of Frenkel
defects on a larger time scale has to be considered
For this, diffusion of interstitials and vacancies have to be treated

— kinetic Monte-Carlo“ (kMC) simulations

............................................................................................................................................................................................................................................
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Single lon Incident Simulation — full collision cascade (Binary Collision Approximation)

600 eV Art — Si, normal incidence

Phase 2 —Recoil Displacement

Phase 1 — lon Displacement

—— ——— ——— —
Il ]\
| | | o |
. 9 !
| ‘! | & !
1\ | '\ e? |
\ Jf \ Se f
l\ fl 1 ® " ;’
| \ |
/ \ / \

red —ion (Ar)
blue — energetic recoils » Sputtering is included

brown — vacancies

............................................................................................................................................................................................................................................
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red —ion (Ar)
brown — vacancies

dark grey — ad-atoms

| |
lome e |
R b, 1T Il > Defects Annihilation
y L]
| é“‘%‘f R, > Migration of Interstitials
| s ,:80. 9 / and Vacancies
P @19 . f ; . .
& ¥e e | > Creation and Diffusion
e\ oy of Ad-atoms and Surface
Lg\get s Vacancies

............................................................................................................................................................................................................................................

Institut fir lonenstrahlphysik und Materialforschung e Stefan Facsko ® www.fzd.de ¢ 17.11.2009




loneninduzierte Nanostrukturen

Sputtering

« sputtering is erosion, i.e.the removal of atoms from the surface, by ion
irradiation

« dominant effect at low and medium ion energies (100 eV- 1 MeV)
» sputtering changes the implantation profile

« used extensively in industry for material removal, material deposition (ion
beam sputter deposition)

mean number of emitted atoms

sputter yield: Y — ;
P Y number of incident particles

in the energy range of 100 eV —1 MeV Y ~ 0.3 -20 depending on ion species,
ion energy, incidence angle, and target material

............................................................................................................................................................................................................................................

Institut fir lonenstrahlphysik und Materialforschung e Stefan Facsko ® www.fzd.de ¢ 17.11.2009



loneninduzierte Nanostrukturen

Depth of sputtering Ar'
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 Firstly the surface is amorphized after a fluence of ~10'° cm-2
« around 1 monolayer (ML) is sputtered at this fluence
« ejected atoms are coming from the first atomic ML of the target

Sputtered Particle
Vacuum (£ lon or Meutral)

Solid AL IALLL

Primary lon
Penetration Depth, R,

1

Implantad lon Nastasi, lon-Solid Interactions,
Cambridge Solid State Science Series

............................................................................................................................................................................................................................................
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Sigmund'’s Theory of Sputtering

.‘_
« for single-element material sputtering <K'
yields can be predicted in the linear

cascade regime ’—V’/\"
« the sputter yield is proportional to the number

of recoil atoms moving towards the surface

« Sigmund demonstrated with Boltzmann's transport equation that in the
linear cascade regime the number of recoils is proportional to the energy
deposited per unit depth in nuclear energy loss F,(E,,0,2)

Y = AF;(E,,0,0) with A a material factor

1 A contains all material parameters including surface binding energy

Fo(E,,0,0)=aNS, (E,)

correction atomic \ nuclear stopping

factor density power

............................................................................................................................................................................................................................................
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Sigmund'’s Theory of Sputtering

« correction factor o is a dimensionless function of incidence angle 6 and
mass ratio M,/M,

« for M,/M,<0.5, a is constant and ~0.2
rises strongly for M,/M,>0.5
approximation for the regime: 0.5 <M,/M, <10
a=03(M,/M,)*”

ST T T T T T T T

 increase of o with M,/M, is due to rising
importance of large-angle scattering events

¢ also increases strongly with
incidence angle 6

0. cl o s bl o b L
%.1 0.2 0.5 1 2 5 10

Ma/M 4

............................................................................................................................................................................................................................................
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Sigmund'’s Theory of Sputtering

* recoils can only be ejected when they e S
have an energy higher than the surface (50
binding energy -
* one can assume a planar surface L
barrier U: el
l | B I B |
2 i 2 2 g 1 0
P(Er,(gr)Z 1, Er COS2 Qr >U 5 10 g{kwg; 00 200 500
O, Er COS gr <U (b) el . [ 1 l ]
00~ 45 keVlons -= Silicon "
» taking the nuclear stopping
with the potential function V(r)~r-1/m 2.00 |-
(e.g. m=1/2) vy
F 1 1.00 = ]
A= " 12m - | 5
8(1 — 2m) NCmU S —— Sigmund (Theory) _;
I oNS (E,0,0) I R I T TR R TR
£y

Y = 1—2m
81-2m) NC U

............................................................................................................................................................................................................................................
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Sputtering
16
0
)
E) 14 4
=
T 12
'o .
o
e 10 .
2 ] sputtered particles
>
Q 8 -
n ]
=
4 4
2 -
0 T T T T T T T T T T T
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U, Energy (eV)

Only those particles are sputtered which escape the barrier U,

............................................................................................................................................................................................................................................
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Sigmund'’s Theory of Sputtering

 for low energy recoils E~U, Sigmund proposed m=0

= 32 1 with  C,=0.0181nm’
47~ NC U
oS, (E
Total sputtering yield: Y (E, Q) = 0'042&—()

Differential yield of sputtered atoms of energy E, into the solid angle Q,
around the emission angle 6,

3 —_—
O —REog e B
dE,d°Q, 47z NC. (E, +U)

cos 6,

............................................................................................................................................................................................................................................
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Energy dependence of sputter yield

P
/ s, -

m=0," m=1/4." m=1/3 -~

Sn(E) - E1—2m

n

S [red. units]

001 LR | LR | LA | LR | LR | LR | rorrrrT
0.002 0.02 0.2 2 20 200 2000 20000

Ar" ion energy [keV]

* Nuclear stopping power: Ar* in GaSb

» Regime of 200 — 2000 eV is approximated by a power law with m=1/4

............................................................................................................................................................................................................................................

Institut fir lonenstrahlphysik und Materialforschung e Stefan Facsko ® www.fzd.de ¢ 17.11.2009



loneninduzierte Nanostrukturen

Energy dependence of sputter yield: TRIM

Arin Si, 0°
~E0.3 [
> 13 ‘/./
]
~E
0.1
0.01

400 1000 10000
Energy (eV)

Sputter yield shows same power law dependence than S_(E)

............................................................................................................................................................................................................................................
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Energy dependence of sputter yield: TRIM
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TRIM results for sputter yields are good from 50 eV — 1 MeV
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Energy of sputtered particles: TRIM
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Energy spectrum of sputtered particles
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Sputtering: energy dependence

« atlow energy the maximum energy transfer T to the target recoils can be
smaller then U

« also single-collision regime is possible for light ions
* in this case the maximum energy received by the surface atom

E;” =y(-y)E

« sputtering threshold can be derived from this E,, =——

y(l=y)

............................................................................................................................................................................................................................................
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Sputtering threshold
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Sputtering threshold
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Sigmund'’s Theory of Sputtering

« A cosine law is predicted for the angular emission of the sputtered particles
(amorphous or polycrystalline materials) for normal incident ions
«  This results from an isotropic flux of recoils in the target

. However, often deviation from the cosine law are observed

1. under-cosine at low energies (collision cascade is not fully developed)
2. over-cosine law at higher energies

dY (E,H)
d’Q
Normally, 1 < 3 < 2, however, it can also have much larger values
For off-normal angles of incidence cosine laws are not observed
« emission distribution is peaked at or near the specular direction

~cos” 6

............................................................................................................................................................................................................................................
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Sigmund’s Theory of Sputtering: angle dependence

Y(E,O)

Y(E.0) =(cosf)”

« theoretical prediction:

1 for M,/M,>5

with b~
5/3 for M,/M, <3

(b)

4 T | T | T 1
for high angles of incidence al- —
reflection of ions is important %

Y(6) decrease for >~ 60° 2r 1

1l

0 a0°

............................................................................................................................................................................................................................................
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Sputter yield: angle dependence

2.5

decrease due to

// ion reflection

204 increase due to energy
deposited closer to

15| thesurface

1.0

0.5

0-0 ) I ) I ) I T I
0 20 40 60 80

Incidence angle 6

Yield increses with 62 until a maximum angle of ~65°
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Sputtering from single crystals

» sputtering from single crystals are influenced by the crystallographic
orientation of the target relative to the beam direction

« the sputter yield Y from a surface (uvw) increases with increasing

(uvw)

interatomic distance d ,,, along the [uvw] direction
« for normal incidence on fcc targets:

> > ’ " : : ;
Y Yoo > Yo anaI g T o srum

1 KEV AR-=CU{111) ATOM POLAR ANGLE SCAN &0

- — TN [N T -

i 1 i | T

T
o

1 : { I
~>W & [ 40

-. . ! 1N
l_ mﬂr%[ S —— .__.E‘ﬁ.‘wfm.—[ ZE |

-1000 60 -20 20 GO 100 10
POLAR ANGLE b &0
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Sputtering of alloys and compounds

« sputtering is only from the first two three atomic layers

« sputtering yield is proportional to the nuclear stopping power of the incident ion in the
near-surface region

* in a compound material two species A and B are present
— ,preferential sputtering” and surface segregation will be observed

» start of sputtering:

NA _ N2
« partial sputter yield: NS B Ng
. ratio of sputter yields: Y, = number of ejected atoms A, B
number of incident ions
Y, N
Yo Ng
r includes the effects of different binding energy, sputter escape depth, and energy
transfer
~05-2

............................................................................................................................................................................................................................................
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Sputtering of alloys and compounds

Y, (0) _ NR
Yy (0) Ng

in steady state:

and the surface concentration changes accordingly:

Na(o) _1Ng
N5(0) r Np

if r>1, sputter yield of A is greater than sputter yield of B
— B is enriched on the surface

............................................................................................................................................................................................................................................
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Sputtering of alloys and compounds

Sputtering

S SR R A D ! A PN TR TN BN

9.6 Sputtering of alloys and compounds
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I 3
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Preferential sputtering

Depth [nm]
0 56 111 167 222 278 333 389 444

GaSb
AISb

Counts [s'1]

5 : : :
0 100 200 300 400 500 600 700 800
Sputtering time [s]
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