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RADIATION DAMAGE IN MATERIALS

3. Electronic stopping, SRIM, and
swift heavy ion effects on materials




‘*\ 3.1. Electronic stopping power

Recall from previous section the definition of stopping power

dE
S =——=35,+Se+Sreactions

dx

A ~ 100 keVV/amu
~ 1 keV/amu Se T

Bragg peak (not to
be confused with x-
ray Bragg peaks!

Sreactions

Log Stopping power

>

Log Energy
Now we will consider the electronic stopping power in more

detail, especially its physical origins
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‘*\ Regimes of electronic stopping power

A more accurate description of the electronic stopping over

energy regimes.
These are marked as A, B, C and D in the figure

These are described next in order of good understanding:

D->B->C->A
~ 100 keV/amu
A I
0N B /. |
(@)) | Velocity of tightest
o bound electron
-

E~;kBT0 Log Energy
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Regime D: Bethe-Bloch

~ 100 keV/amu

The highest-energy regime

can be well understood based

on the Bethe-Bloch theory,

derived already in the 1930’s Log Energy

At these high energies, the moving ion is fully or highly charged
and does not change charge state

The Bethe-Bloch equations derive the stopping power quantum
mechanically for a charged particle moving in a homogeneous

electron gas
l.e. consisting of all electrons of the material as if they were evenly
distributed
Atomic structure of the sample ignored in these equations!

This is not accurate, but for high enough energy works as a good 15t approximation
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Regime D: Bethe-Bloch equations

The basic equation is relatively simple [Was]

dE N2nZiZ,e* M | YE; 2nNZiMe* B
_ — — ] — —
dx /. E, M I me.E;

i
B=27In (yf)

IS known as the stopping number, Z, is the atomic number of
the ion, Z, of the material, N is the atomic density of the
material, € is the electron charge e, | is the mean excitation
energy level which to a first approximation is 11.5eV Z, and

4m. M
(me +M)?

where

‘J/e:

For relativistic velocities

B:Zz{m(}{"’fi) —In(1-B?) —;33}
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Regime B: velocity-proportional regime

[ | ~ 100 keV/amu

In regime B the stopping is 0
almost exactly linearly <
proportional to ion velocity, -
Se X v : >

£2 4,7, Log Energy

2

This regime has an upper limit at the Fermi velocity of the slowest
(outermost) electron of the material
The direct proportionality to velocity agrees well with experiments, and

has been derived in several different ways

By Fermi and Teller using Fermi velocity [Phys. Rev. 72 (1947) 399]

By the Lindhard-Sharff-Schiott (LSS) theory [Mat. Fys. Medd. Dan. Vid. Selsk. 33 (1963)

This reference gives analytical equations for the stopping power in this “Lindhard regime”

Quantum mechanically by Echenique-Nieminen-Ritchie [Solid State Comm. 37 (1981) 779].

Also the most modern electronic-structure calculations give about the

same result (some give S, « v%9)
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[l2% V=
Vi 3

Regime B:
Fermis explanation to low-E stopping power

The paper by Fermi and Teller provides an intuitively clear

explanation for why low-E electronic stopping is directly
proportional to the ion velocity v:

The following texts are direct quotes from the paper:
“Consider an ion with velocity v moving in a degenerate (0 K) Fermi gas. If
any single electron transfers momentum to it in a collision (slowing the
ion down), its own momentum/velocity of course also should change. “

Metal with free electrons

lon and its electrons
moving with velocity v . _ .
Since v is very high,

electrons in solid
\ are effectively at rest
— y
and in equilibrium

when the ion and its electrons
collide with them

[E. Fermi and E. Teller, The capture of negative mesotrons in matter, Phys. Rev. 72 (1947) 399]
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Regime B:
Fermis explanation to low-E stopping power

The crucial idea is: “Only electrons with a velocity within v of the Fermi velocity v
in one dimension (the moving direction of the ion) can contribute to the stopping.
This is because electrons below ve-v in velocity could only gain [at most] v in
velocity and hence be excited to an already filled state. The latter is of course

forbidden by the Pauli principle. ©

S 4 Electrons that
% cannotl be excited Electrons
= J/ : that can
= : be excited
3 e
I~ :
(<] |
g |
72 | | >

Vv V-V Ve

“Electrons within v of vi, on the other hand, can be excited above the Fermi level
to unoccupied states. Hence the higher v is, the more electrons can contribute to

the stopping. “
“More specifically, the amount of electrons in a unit volume with velocity within v of v is
proportional to v simply because the density of states in 1D is 2z/L so an integral from

Vg to vp-V is proportional to v. “
[E. Fermi and E. Teller, The capture of negative mesotrons in matter, Phys. Rev. 72 (1947) 399]
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Regime C: the complex one...

~ 100 keV/amu

The maximum region in the
stopping power is a regime

where the moving ion is

partly ionized, and its charge

B2kt Log Energy

state fluctuates
l.e. it undergoes stochastic charge exchange processes with the

atoms of the material

There is no simple analytical equation that can describe this

region fully reliably
[If interested in the existing models, see chapter 4 in the “SRIM

book” described in section 3.3.
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Regime C: empirical

The best way to treat
the stopping in regime
C is to try to find
experimental data for
it, and if available, use
that directly
This energy regime
IS one of the easiest
to measure
experimentally and

hence plenty of data
does exist
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Regime C: modelling

The SRIM semi-empirical model does give data for this
regime, but it is not so reliably (~20% deviations common)
There are modern simulation codes that can handle the
regime C stopping fairly well theoretically

The best developed is probably CaSP by Gregor Schiwietz
and P. L. Grande, , reference
e.g. [Phys.Rev. A58, 3796 (1998)]

Sample CaSP results compared to experiment:

) - Y ——rrT————
} 4 H + Ne H+ Ar
Y —Xe
\\I'_1_/"I
g _ —
s E s "
2 S 104 2 /
* N-E ! CasP
w s
g g T j’ ST get
ss 1 /° /
g = 5t/ R N
o= |1 A
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http://www.casp-program.org/

Regime A: the least well known

The lowest-energy regime
Is actually the least well

Log S,

known
The simple theories
predict that S, o« v for all

energies, but this is absurd :
E~SksTo  Log Energy

when the atom velocity
becomes thermal: atoms in equilibrium do not experience any
electronic stopping

If S, o< v would be true also near equilibrium, all atom systems
would be quenched down to 0 K in nhanoseconds, which is
obviously not true.
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Regime A: experimental and simulation data

Experiments show that indeed the [ Experiment "~ "
electronic stopping becomes "“ P et
weaker than the direct ; ’ N
proportionality to velocity at low .ﬁ.] ]
velocities m - |
Plotted in the adjacent figuresis Q@ wen
[Valdes et al, Nuclear Instruments and
, which is defined by S=Qv => Methods B 193 (2002) 43]
constant Q means velocity 1 'pl;LL,F*if_,'/_glSimiliUiatlion
proportionality. _‘ & #/.-’ :fﬁ;“ R

Advanced quantum mechanical

dE/dx (eV/A)

(so called time dependent density

functional theory) calculations can

reproduce this T 02 03 o
v (a.u.)
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Regime A: uncertainty remains...

Not all metals show this behaviour, however.

The reason to the lowering can be gualitatively understood

based on the electron density of states near the Fermi level:
In insulators there are no electrons, and the stopping will indeed
have a threshold
Metals have electrons, but if the density of states is low near the
Fermi energy, the stopping will be reduced compared to that at

higher velocities
However, there are extremely few experiments in this regime,
and none for projectiles heavier than He. Hence for heavy
lons/recoils it is not really known what the low-energy limit is

Also very difficult to model theoretically
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&b, Regime A and the electron-phonon coupling

In general, in non-equilibrium thermodynamic systems, the
lons (atom cores) and electrons can sometimes be decoupled
from each other such that they have different temperatures, T,

and T,
This can be achieved with some external disturbance, e.g. laser

or ion irradiation
Electron-phonon coupling (elektron-fonon-koppling,
elektroni-fononi-kytkentd) means quite generally in physics
how strongly the ionic and electronic subsystems are coupled

to each other by a coupling constant G

Radiation damage 2020 — Kai Nordlund



Electron-phonon coupling equation

- This can be mathematically described with two coupled differential

equations:

oT,
C,(T,) a_te = V[K,(T,, T)VT,] + G(T,)(T, = T,) + S, (7, t)

oT
c,(T) a_tl = V[K,(T)VT,] + G(T)(T, — T)) + S,(7, t)

Here C and K are the thermal capacity and conductivities of each
subsystem e and | separately, T, and T, are the temperatures and G
IS the electron-phonon coupling (which may depend on the local
temperature)

S are source terms of the disturbance putting the two subsystems
out of balance: S, is the source from electronic stopping, S; is the
source in case the lattice is heated before electron-phonon coupling

e.g. from ballistic collisions
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5. Regime A: the lowest energy limit
. A

Some serious thought of the physics

. . . . U)GJ
Involved in stopping makes it clear >
that the whole concept of electronic -
stopping makes sense only when

the ion/atom moves more rapidly

than the thermal velocities

3
When the electronic and atomic b=3ksTo Log Energy

subsystems start to behave like a thermodynamic system,
electron-phonon coupling starts to occur (the electronic stopping

acts as the source term S
When finally T, =T, , there is no longer any electronic stopping

This is indicated as the lower-limit of E~%kBT0 in the graph

There is some very recent work to link the two regimes:
[A. Tamm et al, Phys. Rev. Lett. 120, 185501 (2018)]
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3.2. How to use electronic stopping power?

If the stopping power would be constant = S, its use would be

very simple:

= = -5 AE = —S,Ax

l.e. for a path length Ax travelled in a material, the ion loses
AE of energy.

Now that in reality S is not really constant in any wider energy
range but is S=S(E) , one needs to integrate to get the energy

loss over a finite energy range:

= = —S(E) = AE = [; —S(E)dx
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Range calculation

The ion penetration depth (mean range) can, if an ion with
initial energy E, would travel fully straight, calculated directly
from the stopping using

dE _ _ _ _ 4dE _ (R, = (Fo 9E
— = S(E)=>dx = 5(E)=>R_f0 dx—f0 )

As an example, for protons electronic stopping dominates
over nuclear for all energies, and one could use the linear
velocity dependence model S(E) = k EY/? . In this case the

Integral can be done analytically and one obtains

R Fo dE 2
jo * jo KET/Z ~ g VO
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Range concepts

However, this calculation has a major weakness: the

stopping power is always along the ion, path length R and

the ion due to nuclear collisions almost certainly does not

move in a straight path

In fact one can distinguish between different range concepts:

R, = depth coordinate of final ion position

R, = projected range
(for perpendicular impacts

"‘--._____-‘-‘-

—_

= penetration depth R, ) B
R. = chord range

R = total path length ;}
R. = range perpendicular —

to initial direction (lateral range)
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x

[Picture from Was book]

\

[These concepts date back to Lindhard, Scharff, Schiott 1963]



%‘ lllustration of difference of range concepts

The following figure gives actual ion trajectories for 10 keV Si

lons impacting on Si at 20 degrees off-normal

100 trajectories of 10 keV Si ions impacting on Si at theta=20

100 distinct trajectories ...

Ekin(eV)

Projection of 3D 5%25-

ion paths to xy plane N 1, / 1

Colors give kinetic % s

o N~ s

energy of ions $ s

& el Y j/ i

Note how the path ~

ranges are much longer ™
than any of the others

[These was obtained with a molecular dynamics range calculation (MDRANGE) that can simulates the ion
movement stepwise and hence can also sum up the path range. Kai Nordlund 12.4.2020]
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Range calculation: distributions

Due to this, the simple equation

aE _ _ _ dE _ Eo dE
= S(E) = dx = — S >R = fd fo )

Is useful only as an estimation of the maximum range, i.e.
the range of those ions that happen to travel in a completely

straight path
In most cases, due to scattering, the mean range is much less

than the maximum range

Schematic from section 1 Example for 10 keV H in Si
Mean g 0.0007 F10 keVH->Si — ﬁp (non-channeling direction) |
(¢b) range % 0.0006 f ) J

iq_: 8 0.0005 } Maximum
o /\1 Maximum & oo | range-
g &> range E 0.0003 | .
"5_ Straggle é 0.0002 | |
b} £ g.0001 i

D ?;; 0.0 L L L L 1 1 n
- 0 500 1000 1500 2000 ﬂ2500 3000 3500 4000
Depth (A)
Depth [Data from MDRANGE with zbl96 electronic
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Range calculation: distributions

For the case of 10 keV Si ions in Si (20 degrees off-normal)
the range profiles defined with the different range concepts

differ in a natural way:

0.0035 | — Rz (Z coo;dinate)-

e Lo = R (projected)

0.003

normalized to 1)

2 0.0025
0.002
0.0015
0.001

0.0005

e,

ety -
. -

- -~

-------

-

e,

Implanted ion concentration

0.0 &
0 100 200 300 400 500 600 700

Depth (A)
Radiation damage 2020 — Kai Nordlund [Data from MDRANGE with zbl96 electronic stopping power. Kai Nordlund 12.4.2020]




‘*. Range concepts translated to Finnish/Swedish

R, = projected range (projicerad rackvidd / projisoitu kantama)
R. = chord range (strangrackvidd / jannekantama)

R = total path length (total vaglangd / kuljettu kokonaismatka)
R. = range perpendicular to initial direction (lateral range)
(rackvidd vinkelrat mot inkommande riktningen, lateral
rackvidd / kantama kohtisuoraan sisdantulosuuntaa vastaan /

lateraalinen kantama)
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Analytical range calculations

Out of these, the standard one in use is the (mean) projected
range R,

But for non-perpendicular irradiation

also the mean penetration depth Z is for

practical reasons often used

Difference a factor of cos(0)
Lindhard-Sharff-Schiott (LSS) theory [Mat. Fys. Medd. Dan.

Vid. Selsk. 33 (1963) 1] developed ways to estimate the R,

from the stopping
But nowadays most people use BCA simulations to calculate
range distributions, so these are no particularly important

anymore
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Local vs. nonlocal stopping models

The models as described above were presented as if the
electron density would be constant everywhere in a solid.
In reality this is of course not true: the density is orders of

magnitude higher around the atom cores

Some models do take this into

@

<100>

account: so called local models for

electronic stopping describe it as a

0
0

3 4
<110> (A)

sequence of atomic collisions,

[Sillanpad, Nordlund, Keinonen,

where the stopping is atom-specific Phys. Rev. B 62, 3109 (2000)]

For instance the Firsov model [Kishinevskii, Bull. Acad. Sci. USSR, Phys.
Ser. 26 (1962) 1433]

Others, like LSS and SRIM, use a homogeneous density
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‘, Local models and ion channeling

For ions moving in a ‘random’ direction the nonlocal models

generally work well

N

anne 1N

However, an ion moving in a \\/2

well-defined crystal direction
with low electron density will

obviously never experience the

oo N

higher density around the atom %

cores, and using the average FIG. 1. Blectron distribution of siicon in a (110) plane.

[Sillanpad, Nordlund, Keinonen,

density can give badly wrong results Phys. Rev. B 62, 3109 (2000)]
This kind of an ion is called channeled (kanaliserad /

kanavoitunut) as it moves in a crystal ‘channel’

For these cases using a local model is crucial
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%‘ Results for a fully local model

Local models can be atom-specific, or take into account the
full 3D electronic structure of the material

Implementing the latter kind of model based on the
Echenigue-Nieminen-Ritchie stopping theory, Sillanpaa, et al.
obtained very good agreement with ion ranges for both
random and channeled directions in Si:

T T T T T T T T T T T T T T
[ B0 keV Al > Sirandom  — experiment B> <100>Si — expetiment

10™® ---- scaling from praton 80kev .. scaling frompr.
R pa"r_speciﬁ¢ E 3l 15key e palr-spaclflc
= g 10°F . "N,
= _
k-3 el
z 10" 5
E £ 10°
2 10"k g
&
S
1015 1 1 [ 1 E.'.:.r‘:.:lll E.: i HREERTE 1|4 A . ) \ . . t" .
0 2000 4000 6000 8000 100" 2000 4000 6000 8000
Depth (4) Depth (A)

[Sillanp&4, Peltola, Nordlund, Keinonen, Puska, papers e.g. Phys. Rev. B 62, 3109 (2000) and Phys. Rev. B 63, 134113 (2000)]
Radiation damage 2020 — Kai Nordlund



%; 3.3. lon channeling from nuclear collisions

The channeling is also a nuclear

collision effect
lons in a channel are focused by the

nuclear collisions
This has a well-established theory that

An about 12 nm thick
silicon crystal viewed down

continuum potentials the 110 crystal direction
Good review: Gemmell, Rev. Mod. [ SSEENEREEEER
Phys. 46 (1974) 129

Both the nuclear and electronic effects

describes the channeling via so called

for channeling lead to enhancements of § SRR

the ion range in channeled direction RSN

Same Si crystal as above viewed
from a randomly rotated direction
Radiation damage 2020 — Kai Nordlund [Wlklpedla by me]



‘ Channeling illustration

o
lons in channeling direction lons in non-channeling direction
30 individual 1 keV Si in Si ion trajectories, theta=45, phi=0 30 individual 1 keV Si in Si ion trajectories, theta=30, phi=0
2e+02 2e+02
Ekin{eV) EkinfeV)
Mmoo Ho
N 62.5- B 625
o125 o125
o 188 o 188
1.7e+02 o I 250- 1.7e+02 = 250-
o 312 o 312
375- 375
438 438
500- 500~
562- 262-
148402 - e 1.48+02 - o
B 750- I 750-
W 812 N 812
M 875 W 875
938 M 938
1.1e+02 4 1.1e+02
G0+ a04
50 50 /
20 204 L]
-10 r . . T 1 + 10 + + + + + +
30 G0 40 1.2e+02 1.5e+02 1.8e+02 2.1e+02 30 60 a0 1.2e+402 1.5e+02 1.Be+02 2.1e+02
Kai Nordlund {2016} Kai Nordlund (2016}
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Channeling illustration (trajectory animation)

lons in channeling direction lons in non-channeling direction

100 individual 1 keV Si in Si ion trajectories, theta=0, phi=0 100 individual 1 keV Si in Si ion trajectories, theta=7, phi=27
1.3e+02 1.3e+02
Ekin(eV) o Ekin(V)
= 5 = o
1.2e+02 - = o - 62.5-
e+ . 125. 1.2e+02 . 125
1 188- [ 188
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M 812- M 812
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80 804
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10 t t t t t t t t t t t t t 10 T T T T T T T T T T T u T
-60 -50 -40 -30 -20 -10 o 10 20 30 a0 50 60 70 80 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 80 70 80
Kai Nordlund (2018) Kai Nordlund (2018)
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‘ lon channeling from nuclear collisions

T = The magnitude over different crystal direction can ol o e
be easily seen from so called “channeling maps” fgg ¢ = azimuthal angle
m These plot as a color scale the ion mean § °
range as a function of the incoming ion beam 2
direction (8, ¢) over all crystallographically & =
nonequivalent directions

Strong channeling
PURPLE regions:
No channeling or

blocking

4 45 50 55 60

33 70 75 8 8 90
Polar angle

25 30 35 40 45 50 55 60
Polar angle

Radiation damage 2020 — Kai Nordlund [More maps: K. Nordlund, F. Djurabekova, and G. Hobler. Phys. Rev. B, 94:214109, 2016]



%‘ Analysis of fraction of channeling directions

From the channeling maps simulations or channeling theory,
the fraction of channeling directions can be systematically

analyzed
Result: huge fraction of all incoming ion directions are channeling.

This implies that in polycrystalline materials, ranges are enhanced

. ] . —10keVXeinSi|
=« —— 10 keV Siin Si

10 keV H in Si
Distributions of 7
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3.4. SRIM and electronic stopping databases

There are two major sources of electronic stopping:

The one by the SRIM organization,

SRIM stands for “The Stopping and Range of lons in

Matter” and is also the name of an ion stopping software
SRIM is (as of this writing in 2020) still run by Jim Ziegler, who
worked earlier at IBM research and spent much of his career
developing electronic and nuclear stopping models

A major collection of stopping data is freely available at the

SRIM web pages
Documentation: several publications, material on the web site,

and the two books:

“The ZBL book”; J. F. Ziegler, J. P. Biersack, and U. Littmark. The
Stopping and Range of lons in Matter. Pergamon, New York, 1985.
“The SRIM book”, SRIM — The Stopping and Range of lons in
Matter, J. F. Ziegler, J. P. Biersack and M. D. Ziegler, SRIM Co,

The International Atomic Energy Agency IAEA maintains another
database:
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http://www.srim.org/
http://www.srim.org/
https://www-nds.iaea.org/stopping/

% Examples of data from SRIM
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Examples of data from SRIM

Same for

Copper
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And for
Sm

Just to show
not all elements
have as much data

as C and Cu
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The SRIM software

The SRIM software is freely available at the SRIM web pages
Often also called TRIM due to the earlier name “Transport and
Range of lons in Matter”

It can calculate any stopping power (electronic or nuclear) in any

material, including compounds and multilayer one

It can also simulate the ion ranges based on the so called

binary collision approximation (BCA) described later on the

course
Includes electronic stopping in all calculations

Downsides:

Only amorphous materials modelled => no channeling

It only works on Windows computers, is not open source, and is
programmed in a quite old-fashioned way with Visual Basic

Because of this, installing it on modern Windows is a hassle

Tip: for it to work at all, one needs to set Regional settings to US English in
Windows...
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.  SRIM demonstration
] © Step 1: select either the Stopping calculation table or “TRIM

calculation”

[N

1ne Atopplng.and Rang
]:qm; 1Tk I\/I‘itnlr-.-

ﬂ TRIM . &
.~ Calculation |

. P. Biersack
Hahn-Meitner Inst.
Berlin, Germany

Legal M:?g

SRIM Ve ."IF
SRll-Iﬂt_ii ' Tuto _’

Significant contributions by Helmut Paul
(c) 1984.1989.1998, 2008, 2012 by J. F. Ziegler, M.D
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i SRIM demonstration

) ™ Setup screen for TRIM simulations
m Select lon Data and Target Atom element, or make a compound

= When done, select “Save Input & Run TRIM”"

of ‘Calculation
! lon Distribution and Guick. Calculation of Damage
Restore Last TRIM Data i lon Distribution with Recoil: projected on *'-Flane
W e
ION DATA ? o

TARGET DATA ?|
_Add New Element to L
Add New Layer e
ol Latt Surf :

s
&

——
? ? E_)utpl.llt [;lsk Files  p o cume saved [
" e on Fanges =
H{10)into Layer 1 SFiIM-2008 s ﬂ : ackscattered lons cak'J
& 10000 H i shsmitted lans/R ecoils
‘J H i tETEd Atoms Calculate Quick
on Detais __Range Table |

99333
g 10000 4] ﬂ o =
" 0 Special "EXYZ File" Increment [24] Main Menu

=
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. Example plot of trajectories from SRIM:
: 200 trajectories of 10 keV protons in Si.

lon Type H I 1.008 |amu j H (-I 0) into I_Elyer 1 (1 Iayerﬁ, 1 a.l.oms) Backscattered lons 5.
lon Energy |10 ke¥ 3 } ) ) Transmitted lons 0j
lon Angle | 0 deglees Layer Name Width [A) |Den:|l_|,l | Si [2B.l]BS| Sulldl_G as |Slup Cull.l Vacancies/lon ;
r 1| Layer 1 4000 2.321 1.00000 Solid 1 ION STATS
Completed | 200]of 200 Lattice Binding Energy 2 o 21819 ] Range Stiaggle
SHOW LIVE DATA | HELP Surface Binding Energy 47 Longitudinal| 1321 A 404 A
| " - ‘T Lateral Proj. 375 4 474 &
" = i 581 &) 304
PLOT Window B3 - XY Longitudinal = (=] | Radial

Type of Damage Calculation

1] h — (4000 A

Max Target Depth |4000 ? | Quick: Kinchin-Pease
[COLLISION PLOTS Stopping Power Yersion
W lon/Recoils (XY All 2| |SRIM-2008
| lon/Recois (Z)  None % ENERGY|
| lons [no recails) Tile LOSS | lons Recoils
| Lateral View [YZ)  Clear lonization 35,90 0.45
Background color W hite/Black Vacancies 0.08 0.04
i | DISTRIBUTIONS Phonons 0
B [SPUTTERING YIELD
2 ! lon Distribution Atome/lon I eV Adbom
?| H lon/Recoil Distribution TOTAL
?| I Lateral Range S | 0.000000 0.00
? Fl lonization
? Fl Phaonons
? Fl Eneray to Recoils
2| Fl Damage Events ?| ¥ Save every| 10000 |ions
2 I Integral  Sputtered " Random =
- Differential ~ lans Number 21111
2T —— Counter ——
? Backscattered lons y — Target Depth — —
= :
'1 EL‘TIE:;“DBEII;IZ . SaveAs | Print | Label | Clear
" 3DPlots 3D Help :
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SRIM demonstration

In the running window, click “lon distribution”

4 SRIM-2013.00 [F=5 EoR =5
File Help, FAQ and Scientific Explanations
7 1}
| Help | Agiais | Fase TR | Ehange TR | ——— . Now: 7285 of 99939 lons
10N TARGET DATA Calculation Parameters
lon Type H ||1.l]l]3 amu ﬂH (1 0] into Layer 1 “ Iayers, 1 EITOH"IS} Backscatt_ered lons Il
lon Energy |10 keY X i B : Transmitted lons 0
lon Angle | D deg Layer Hame Width [A) |Den3|l_l.| |S| [2B.I]BB| Solid/Gas |5lop Corr. Vacancies/lon 51
1|Layer 1 10000 231 1.00000 Salid 1 IOH STATS
Completed | 7284|of 99339 Lattice Binding Energy 2 Range Straggle
SHOV LIVE DATA | HELP | Surface Binding Energy 47 Longitudinal| 13234 396 4
Plots Mot it Lateral Proj. 370 &) 464 4
PLOT Window B XY Longitudinal = [@ = | Radial| 5764 054
|D h _ |1DDDU |A Type of Damage Calculation
Max Target Depth [10000 Depth vs. Y-Axis 2| [Quick: KinchinPease
COLLISION PLOTS Stopping Power Yersion
v lon/Recails (7] All ﬂ |SF|IM-EDDB
» [ lon/Recoails RQ] Nl?ne % ENERGY
[ lonz [no recoils) Tile LOSS | lons Recoils
T LateralView (12) _Clear £ - 10N RANGE Distribution [ =[] lonization 56000  0.43
Background color White/Black. | Wacancies 0.08 0.04
_ DISTRIBUTIONS ION RANGES Phonons 0ed 28l E
File Plot [ —_ Ion Range = 1323 A Skewness =-0.255E |SPUTTEH|NE YlELD|
? v lon Distribution 4] Straggle = 396A Eurtosiz = 5.4785 &
= L L B tornsAlan | &/ Abom
2] Fl I lon/Recoi Distibution g Lox10 4 TOTAL
2| El T Lateral Range P 5 Dooooo0 000
(?| Fl I lonization = . .
(2| Fl I Phonons e sx104
(2| Fl [ Erergyto Recoils -
(2| Fl [ DamageEvents - sx10t ﬂ W Save every| 10000 |ions
2| ™ [ Integral  Sputtered _ Random
[~ Differential lons L2l Mumber |772949
210 T s E n Counter
e () 4x10 HELP
2 Backscattered lons = #
2| Transmitted lans =
2T Collisian Details o 2x104
[ 3D Plots 3D Help [ | =
(2| El " lon Distribution 3D L N
7] ﬂ | Recoil-Dist. 3D 0A - Target Depth - 1 um
?| El [ lomzation 3D =
2 | [ Phonons 3D Save s | Print | Help
(?| F| [T Target Damage 3D
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‘ Video of using SRIM

s &
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Shortcut
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Home

o IE)
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Shortcut Home Help
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SRIM can be somewhat speeded up by closing all the output
windows, and can be well ran in the background on modern
multi-core processors

Several output options exist: ion ranges, nuclear and
electronic deposited energy, sputtering yield

For detailed analyses output of file COLLISON.DAT outputs
data on all ions and recoils created during the whole

simulation
Do not use SRIM blindly: there are major caveats and pitfalls in
using it, and not knowing them can lead to too much trust in

accuracy of results or even outright wrong physics
More on the physics behind the collisional part of SRIM later during this

course
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3.5. Damage from electronic stopping

The electronic stopping does not produce damage in metals
In ionic insulating materials it may by (at least) two
mechanisms:

1. Single electron-excitations
Electrons excited by the ion can travel far from the ion path
(delta electrons) and become trapped there, changing the
charge state of a lattice ion
Since the material is an insulator, the electrons cannot travel
freely to recombine with a hole
The changed charge state can induce a motion of the ion (as it
then is in a non-equilibrium charge state) which may damage the
lattice

2. Multiple strong excitations by swift heavy ions
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3.5.1. Single electron excitations

The most fundamental mechanism by which electrons can
cause damage is the excitation of a single chemical bond
from a bonding to an antibonding state
This is repulsive, and hence the atoms can be pushed apart
Compare basic quantum mechanics, e.g. the H, molecules
Also photons can do the same thing
Very important mechanism in molecules, organic matter
But poorly understood since molecules have huge numbers of
possible e>§cited bonding and antibonding states

. /

\ / ‘ /Antibondingorbital-

f

Mv\Bonding ground
state orbital
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“'\ Other electronic mechanisms

- Naturally the fact that the passing ion kicks away the
electrons weakens the bonds and can also put them in
antibonding states
Moreover, a heavy ion can kick out many electrons at the
same time => the ion path becomes positively charged =>

Coulomb repulsion of positive cores, "Coulomb explosion”
However, it is not very clear whether Coulomb explosions really
occur inside solids — neutralization may often be too rapid

O & 6 © ’P’Q
i

0 O

+
+
/

°e
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3.5.2. Swift heavy ion damage

o A
>

The swift heavy ion damage was g

. 4

already described to some extent S

In the previous section g
(D]

Reminder: it requires a high o

electronic stopping power, and Stopping power

hence has a threshold
o A ~ 100 keV/amu
o ra\//a
% ~ 1 keV/amu S()
o
g /s ) s
& ray Bragg peaks!
2
78]
an
Qo
—

Log Energy
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lon path in swift heavy ion regime

0o Auinsio,

In the swift heavy ion

regime, where nuclear

dEfdx (keVinm)

stopping is negligible,
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High electronic temperature

Although the exact mechanism by which the electronic
heating is not known, it appears that a two-temperature model
(TTM) of lattice and electronic temperatures can be used to
model it well

|ldea: swift heavy ion is the source term for the electronic
system, which then via electron-phonon coupling transfers
heat to the lattice (atom) subsystem)

Same basic equations as before for EPC.:

)T
C,(T,)—~
ot

= Y[KE'(TE‘ Tf) \4 T{’] o G(Tf)(TE o TF) T S(F-f)

dT
CF(TI)TE =VIK(T)VT)]+G(T)NT,-T)

ot
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‘*\ lllustration with rough time scale

The electronic processes occur very rapidly, < 1 ps
After that the lattice heating and subsequent cooling can take

a much longer time

~0.1fs ~10fs ~1ps
passage of the projectile & electron cascade & atomnic mation &
initial energy deposition to electrons energy deposition to lattice restructuring

.........

-------

i R e e e e e e T e e T
e e e e, e LI;W B e e e R R

[ W e T B e e e N K o i N e e e e
e T R R R N R M N e "l-#'ﬂ- i B Mo Mo Ny B W N e R

% T % % e, e e e e et e T T e T

¥
&

[Georg Wachter et al 2012 J. Phys.: Conf. Ser. 388 132012]
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‘ Swift heavy ion damage

Along the ion travel path, the material may be damaged if the
lattice temperature exceeds the melting temperature

The damage is visible as long ion
tracks in a microscopy experiments
Almost as long as ion range, can be
microns easily

- (b)

Frequency %

HREM experiment

AR R i R A. Meftah et al. Phys. Rev. B 49, 12457 (1994)
Track radii (nm)

Radiation damage [B. Afra et al, J. Phys.: Condens. Matter 25 (2013) 045006]



&L, MD simulation with TTM model energy input
lon track in quartz generated by 5.8 keV/nm energy deposition

time 0.00041 ps

l'\ ’ -\/ l'\ I -\ )
NANANAN, !

L)

'\ ’ -\/ !\ , -\/ '\ ’ -\/

\'\ \'\ \'\ !
VANNVNN VNNV NVNNNN,
VANNNVNVNVVNOVNNENNVNON
VANV NNNSNNNVNNNVNNVNVNNEN,

Olli Pakarinen and Kai Nordlund (2008)
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‘ Comparison to experiments

The results agree well with experiments

S [Sa]
o o
1 1

w
o
1

Track radius [A]

20

10~

¥ - SAXS Au ifradiation

@ MD simulation

4 6 8 10 12 14 16 18

Energy loss [keV/nm]

* O. H. Pakarinen, F. Djurabekova, K. Nordlund, P. Kluth and M. Ridgway, Nucl. Instr. Meth. Phys. Res. B 267, 1456 (2009)
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‘ Track core is underdense in some materials

The experiments and simulations also show that at least in
some materials, the track core is actually underdense

Relative density
(=) o

E-N (op}

] ]

e D - 3.6 keV/nm
ms D - 7.2 keV/nm
wes MD - 10.8 keV/nm

0.2 = w VD - 14.4 keV/nm
= [\D - 18 keV/nm
men SAXS - 185 MeV Au - 16.5 keV/nm
1 | | | 1
0 10 20 30 40 50

Distance from track center [A]
* O. H. Pakarinen, F. Djurabekova, K. Nordlund, P. Kluth and M. Ridgway, Nucl. Instr. Meth. Phys. Res. B 267, 1456 (2009)
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‘ Applications of ion tracks, 1

The ion tracks have actually industrial applications

Since the track core has a different structure from the
surrounding material, it may be etched away with a suitable
chemical that affects only the disordered region

This can leave a pore behind => one can make nanoporous
filters
Already a
standard
technique
for polymer
foils

R. Spohr, Radiation Measurements (2005)
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‘ Applications of ion tracks, 2

“ The ion track irradiation can also be used as a tool in
lithography
m Since they travel in long straight paths, they can make high-

aspect ratio structures in materials

G. Thornell et al. Sensors and Actuators (1999)
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" What should you have learned from this section?

You understand the physical origin of electronic stopping

power at all experimentally accessible energies

You know the basic range concepts

You understand ion channeling in crystalline materials

You know about SRIM and the basics of how to use the code

You know about swift heavy ion tracks and the basics of how

they are created
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