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Ion Ranges in Solids

2.1 PROCESSES OF ENERGY LOSS

If we are to control the properties of ion implanted surfaces then we must
understand the mechanisms of energy loss which contro] the depth distribu-
tion of the implant as well as the radiation damage which ensues along the
track as energy is transferred to the solid. To do this we consider the scattering
events which influence the total path length, the range straggling and the
projected depth of the implant in the direction of the original ion beam. The
theories contain many assumptions and empirical correction factors so for
practical applications one might wish to proceed directly to the widely used
range estimates which are those of Lindhard, Scharff and Schiett (1963),
(LSS). Range-energy tables have been computed from their theory for a
variety of jon-solid systems by Johnson and Gibbons (1970) and Smith.
(1971). A selection of typical data is included in the books by Carter and
Colligon (1968), Mayer et al. (1970), Dearnaley ef al. (1973), Wilson and

" Brewer (1973} and in Appendix I of this present volume.

Calculations of energy deposition with depth into the target material will
also give some measure of the radiation damage produced during the im-

" plantation. These depth distributions will be discussed in Section 2.12. 1t

should be noted that the stability of the displaced atoms will determine the
final state of the radiation damage and this is discussed in greater detail in
Chapter 4. ' '

We shall first discuss the derivation of the LSS range theory. The major
processes of energy loss are (i) direct collisions between the ion and a screened
nucleus, (if) excitation of electrons bound in the solid and (ii)) charge ex-
change processes between the ion and the atoms of the solid. Afl three pro-
cesses are energy dependent and so make different contributions fo the
energy loss along the path of the ion. For simplicity we will treat the three
independently and write & differential energy loss equation as

(dE) _ (dE) +(dE) | +(dE)
E; lm_- dx nuclear dx elecitonic dx udunst.

7
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Correlations between the events and the subsequent motion of the dis-

Pplaced atoms will be ignored whilst considering the range of implanted ions.

However we must consider movements of the displaced atoms when we
discuss radiation damage, as the displaced atoms can in turn impart sufficient

energy to cause many further displacements. Fortunately the problem can -

be treated classically as a scattering event between two ions. In part this is
possible because the dominant energy loss, by elastic nuclear collisions,
oceurs for ions between 5 and 500 keV and alse detailed electronic structure
effects are lost in amorphous solids because the final range is determined by
many individual events. This averaging effect allows us to use the LSS theory
for non-crysialline materials. Adjustments to the theory are required when
the ion moves nearly parallel to crystal directions, Many crystalline directions

- act as channels and the ion bounces along with a relatively weak interaction

with the walls, however in this instance specific electronic orbitals are
involved so electronic shell effects must be considered. The associated
reduction in dE/dx frequently prodnces channelled ranges up o ten times
those expected for ions injected in a random direction. Channelling plays a
significant role in ion implantation studies and light ion analytical studies
of Rutherford backscattering (see Chapter 8),

2.2 CLASSICAL COLLISIONS

In the energy range used for implantation, 5-500 keV, the dominant energy
loss is by elastic interactions between the ion and a screened nuclens. The
problem is simplified by considering two body events in a cenire of mass
coordinate system to predict the energy loss, T, the cross section for energy
transfer, 40, ,.10sr> 30d the angle of scattering. The trajectory of the particles
for a two body collision event is shown in Fig. 2.1 for a Iaboratory frame and
the equivalent collision in a centre of mass frame is presented in Fig. 2.2.
In the laboratory frame the momentum must be M, u, = (M; + M,) Vou
This is equivalent to moving the particle M ; in the centre of mass frame at a
velocity :
U, = - M
(M, + M)

Since the coliision is elastic both energy and momentum are conserved so
M1U1= + MzUzz - Mi Vlz + Mz sz
aud

MU, - MU, =MV, — Msz

22 . - CLASSICAL COLLISIONS G
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FrG. 2.1. A collision between two particles in a laboratory co-ordinate systern,
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Flg, 2.2. A collision between two particles it & centre of mass frame co-ordinate system,
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which implies

Myu,
U, =¥
VUM, + M,
and
Miug
U, =¥
PTTETM, 4 M,

FiG. 2.1, Yectar diagrams of the velocities which relate the two éo-ordinate gystenis.

A consideration of vector dlagrams Fig. 2.3, enables us to relate the angles
in the two systems by

Vycosep + Vycos0; =u,
V,singg= V,sind,
which can be reduced to
sing = tan 8; (1 — cos ¢).

The recoil energy of the struck atom, E, = IM,v,? is the energy trans-
ferred T, but
Mlzll'lz
=21 —cos ) ——————
(= cos O oot + M

50

_ 4MM, _2(¢)
_(M1+M2)2E1 sin 7))

23 _ INTERATOMIC FORCES 1t

This sets an upper limit for energy transfer in a head-on collision as

T —_
™7 (M, + M)

E,.

E, and T may differ by several orders of magmtudc if there is a disparity
between M, and M, and only a small angle collision occurs, it is therefore
sensible to ask if a classical approach is justified,

The moving particle has an associated wavelength 1 = A./[1/(2ZME)] and
is striking an object of radius a. The scattering will be classical if ¢ Af{(274).
I we compare the particle size, @, with the Bohr radivs, ay = k2/(mge?), |
where m,, e are the electronic mass and charge, then

A e*myg
Znao 2a,ME’

so classical mechanfcs will suffice if

. elmy fa\*
E —I .
> 2a,M ( a]
In practice this low energy limit is a fraction of an electron-volt in energy

so even for small angle collisions jion implantation problems can be treated
classically.

2.3 INTERATOMIC FORCES

Having decided that we can consider classical elastic collision events we
must now choose a form for the repulsive potential between the ions in order
to assign a finite radius fo the particles and hence predict a scattering angle.
Ideally one would choose a simple analytical expression for V() and historic-
ally the Coulomb, Bohr and Born-Mayer potentials were of this form.,
Improvements to these functions were generally made by modifying factors
rather than new functions. However, the successful descriptions of ¥{r) over
a wide range of fon separations have been made by numerical means. Such
functions are now of value since computations are feasible with large modern
computers. Figure 2.4 compares some of the aiternalive repulsive potentials
which have been used and examples of analytical descriptions are given in
Table 2.1. It is evident that the apreement between the curves extends over a
limited range of separations. There is no definjtive potential which is appro-
priate for all pairs of ions and all energies so even the simplest expressions
contain empirically adjusted parameters. Comparison with experiment is
difficult because elaslicily and compressibility experiments only allow one
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to sense the potential near the equilibrium atom spacing in the solid. The
alternative is to probe the interaction in a dynamic event, i.e. by observing
the scatter of an energetic ion beam. The principle i3 well established by the
high energy alpha particle experiments of Rutherford (1911) to determine
the size of the puclei. Unfortunately ion implantation and radiation damage
evenis involve the middle region of the potential curve which is the most
difficult to characterise. One approach is to measure the scattering of ion
beams from an inert gas and compare the results with an assumed potential.
A recent review of this field was given by Kessel (1970).

An alternative approach is to use a computer simulation of a solid and
compare ion range predictions with experiment. In principle one need only
to assign initial positions to the jons, specily a repulsive potential between
pairs of atoms and provide slability to the system by imposing a boundary
condition which simulates the cohesive binding forces of the solid. When an
epergetic foreign atom “appears” in this system the lattice is perturbed and
dynamic changes take place in the structure. However these can be followed
by solving the classical equations of motion to find the new atomic positions
after some small time increment. Iterative calculations of this type, coupled

105t

Niglsen

Potentinl energy, gV

o'k

B8] 20
lon seporaiion, A

F1g, 2.4{a). A comparison ol various prbposed interatomic potentials belween two copper
atoms. '

2.3 INTERATOMIC FORCES 1

with computer printouts of the new positions, will dispiay the developmen
of radiation damage and the progress of the foreign ion. Suitable allowanc
fot thermal energy will also show annealing of the radiation damage as th
“lattice” relaxes 1o an equilibrium condition. Many events simulated in thi
way will produce a statistical view of the implantation process.

Such a computer program has the advantages that, once wrilten, it allow
one to explore variations in potenlials or defect stability and obtain &
overall impression of the changes. The limitations occur because one mus
use truncated or simplified potentials to minimise the computer runnin
time and many mechanisms of energy dissipation will be ignored.

Radigl aleciron density

Mercury

lan radius, in Bobr rodii

Fig. 2.4(b). Comparisons of the Thomas-Fermi and Hartres interatamic potentials for 11
ions of argon and mercury.
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TapLr 2.1 Examples of interatomic potentials.

Bom-Mayer Vir) = Aexp (—i) A, b are conslants

b
2
Coulomb Ver) = Z2Z2%
;

- ,

Neilson vy =252 axp(—1)  wherea=
r
y or 4y
(zlz-z)l!ﬁ _ (2'13,(3__'_222,’3)1!2
Screened Z,Z,et r
Coutomb V) =1L : exp (—a)- ap being the first Bohr orbit.
Brinkman I ¥(r)=
Z,Ze* ry (1—»
2o (-]) () ammizizoie
. AZ Z,e* exp (— Br) 095 x107¢
Erinkman 11 V)= =12 = 7/4
. ) 1—exp (—Ar)) a0 (Z£,23)
B = (Z,Z,)"
1‘500
Firsov and LSS V() = 2222 4 (7 A¥ i
- = ¢1F {7} is the Thomas Fermi

screening function.

Firsov and LSS theories use different forms of this functioﬁ

Lindhard suggests

whereas Firsov (1958) uses

&rr (';') = Z(ZII 24 z:;”z]z'!3 (I;)

where the factor y is tabulated by Gombas (1949),

24 SCATTERING DURING COLLISIONS 15

Fia. 2.5. The collision path in centre of mass co-ordinales.

2.4 SCATTERING DURING COLLISIONS

If we now consider ions of a finite size described by a potential function P{r)
then we are not Limited to collisions where the line between the ion centres
is also the direction of motion, Instead, off-axis collisions can be discussed
in terms of an impact parameter, p, which is the perpendicular separation of
the asymptotes of the hyperbolae which describe the fon trajectories in a
centre of mass frame, Fig. 2.5. At any instant the distance of the ions from
the centre of mass is

ry = My T ry, = Myr
LT, v My O T M, + My

where r is the pair separation. For these elastic collisions it is convenient to
express the total energy as the sum of potential and kinetic energy with the
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laftter resolved parallel, and perpendicular, to the line between the ions. This
gives,

- M, MM dr\? dyn 2
et B o= V)42 D 2 {7
M+ M) ) 1I!(Mx‘|‘Mz)|:(df) *r (df) ]
With finite atoms angular momentum is conserved hence
MM 2
MMy M, (M‘i‘_z_) LAY (#_’_‘3‘_1_“)3_‘1‘3_
M, + M,/ dt M, + M, di
By noting that

dry 2 dygry? dgr 2 [/ drn\2
s +ril =1 =[- _— 2
@)+ (d:) (dt) [(dw) +”]
we can rearrange the energy expression to be independent of time. It is also

customary to change variables at this point and write u = ¢! 50

22[_1__]”(”)(5{14“1“2) L
a¢ ¥ E,  Mp? u]'

But dy is related to the total scatiering angle ¢ by

2 o
[Ca=ta-o
$fZ

or

tm [ V() (M, + My) -4
=5 —2 - ! Y~ prut
¢p=m= pL [ E A pu ] du

where 1/u, is the distance of closest approach (R, -+ R,) if we consider an ion
“radius”. '

This equation is important because if we can choose a potential ¥{u),
and integrate, then we can estimate the scattering. To compare the theory
-w_ith experiment we cannot use the impact parameter so we introduce a
differential cross section do = 2np dp, which measures the area around the
target atom from which a particular scattering angle would occur.

The total cross section for energy transfer

AMME, . (&
E =T= 1 ™1 2(__
2 (M, + My z)

o _er“ de dE
Tmin dEZ 2

PR L o

FRRTT R

Y i
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Such a cross section equation measures both the energy losses for scattering
and the energy transferred which can cause radiation damage. The lower
limit of the integral should be chosen in different ways depending on whether
we are considering energy loss for the slowing down of a primary or displace-
ment of lattice atoms. In the latier case tha lower limit is the threshold
energy for removal of a lattice atom from its site.

For a particular scattering angle, the probability that the energy transfer
is E, is related to the total cross section by.

i do '
P(E)dE,; = G —EdEZ.

The mathematical problem of choosing a realistic V() so that the scatter-
ing cross section can be evaluated is quite major. An extreme solution is to
consider only glancing collisions where the direction of motion is essentiatly
unchanged, This “impulse” or “momentum” approximation has the
interesting result that T is proportional to E ' irrespective of V(). At the
other extreme one can use a hard sphere potential i.e.

Wry=0o0 for r<R

=0 . for r> R
This gives do oc dT/T,,,..

More realistic potentials can be used if we understand whether we are
sensing a close or distant interaction of the ions. For example a Coulemb
patential ¥(r) = Z, Z,e?r leads to da oc E, dT/T? but is only appropriate
for close penetration of the ions. The screened Coulomb potential used by
Bohr (1948), V(r) = Z,Z,e}/rexp (— rlay) overcompensates and is too
weak at large separations. A range of intermediate examples considered by
Lindhard and his co-workers (1961, 1963) were power potentials of the
form '

where @ = 0-885 a,(Z,2® + Z,2*)™4/2, these gave an elastic cross section

c, . 4T
dd’ =3 ﬁ‘;?’ »—'——"Tl1+”5) for s > 1-
Here
C (l _l_) n? tayZ,Z,M,
» 5] 2718 (Z,2P + Z,YY (M + M3)
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reflects the underlying use of a modified classical Bohr atom. This cross
section is also independent of primary energy in the case of an inverse square
law potential, ¢ = 2.

In attempts to find an analytic expression one is frequently making intelli-
gent guesses at the form of the screening function. For example Firsov
(1958) uses an expression '

a = 0-885 aq (Z,7 + Z,1/%)~ 33,

This difflers from the preceding expression for the parameter a by 10 to 20%.
Differences of this magnitude are of minor importance in the development of
a range theory.

‘A variation of the inverse square potential is the Nielsen (1956) potential

V(r) =

Z,Z,e%q,
==5—exp(~1).

It has the property that it intersects the screened Behr potential at the value
r = a,. The major advantage of this potential is that Nielsen derives from
it a quantitative measure of the total ion range, R, as

(Z,2 + Z,P)V2 (M + MM, 107K

=06
R lez M1 D

where I is the target density and E is measured in keV. Unfortunately it is
only applicable for M, > M, and M,, M, between 10 to 200. We shall
also see (Section 2.6) that a prediction of the projected range wonld be
preferable to the total range. However, as an easily evaluated first assessment
of the range the above expression is useful. . '

The Lindhard, Scharff and Schistt (1963) potential used in most range
calculations employs a Thomas-Fermi model of the atom to give

V() = z‘f‘ez brp (_'.)

/1

where the Thomas-Fermi function ¢r is a numerical screening function,
This has been tabulated by Gombas (1956) and a similar function used by
Firsov (1958). Lindhard (1965) offers an approximate analytical form for

$rras
2 —-1/2
-@NE)
a 4]
Alternative power law expressions for the function are used by Winterbon
et al. (1970) in the calculation of energy transfer to the target. It is therefare

24 _ SCATTERING DURING COLLISIONS 1

essential to Jook more closely at the Thomas-Fermi potential and compar |
it with a more detailed electron density picture obtaingd by a Hartree or
Hartres—Fock calculation. Figure 2.4(b) shows such a comparison for argo
and mercury ions. It is clear that the Thomas-Fermi model represents th
same total electronic charge but it has lost the detailed shell structura an.
will also produce a potential function which is too repulsive at large di‘stance _
(i.e. > 3 Bohr radii for argon ions). Consequently calwla_tions _wh:ch' us
this potential will overestimate the energy loss at large ion separation:
Hence ranges predicted by LSS theory are likely to be too short for heav
jons, which are intrinsically large, since the size of the Hartree and Thomas
Fermi ions will deviate most at large Z. Indeed Neilson et ol. (1973) measm
a range which is up to a factor of 2 greater than the predicted LSS range ¢
heavy ions entering aluminium (see Section 2.11), '
The LSS cross section for nuclear. collisions is valuable because it
appropriate for all values of Z,, Z;, M, M. Itis therefore sensible to relat
the cross section to dimensionless energy and range parameters ¢ and p

aM;
g=E -
Z,Z,e*(M, + M»)
dna*M,
P = RNM: o T My

where R is the range, and N the number of atoms per unit volume.
The stopping cross section, o, is related to these parameters by

ds) oM, M)
5 nruglesr 4ne*Z,Z,M, |

The universal curves computed from this expression are shown in Fi;
2.6 and 2.7. In Fig. 2.6 is plotied the differential cross section computed t
LSS using a Thomas-Fermi model to give do in terms of energy transfer ¢

nat
2132

t = ¢ sin? (%) = g? (T_Tj:uu) .

One can see that the LSS and Coulomb potentials predict the same scatteri
crass sections at high energies where we measure Rutherford scattering.
an intermediate energy range there is also some agreement with the cro
section predicted by the inverse square potential.

da =

fenyar

since
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Fui. 2.6. The differential cross section [or elastic nuclear collisions. The calculétion from
the LSS theory using a Thomas—Fermi polential approaches the Rutherford scattering
- crass section at high energy. For comparison the cross section for an inverse square law

potential is also shown. The cross section and energy axes are plotted in terms of umw:rsal
functions (see lext)
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Fra. 2.7. Muclear and electronic stopping cross seclions in reduced units. The curved line
is the nuclear cross section computed from the LSS theory of Fig. 2.6, Electronic stopping
is proportional 1o velocily and for comparison the cross section lor the inverse square
lnw potenlial is alsp shown.
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One should note that the difierential cross section for ouclear collisions
has taken on a general form because the changes produced by scaling the
energy {and hence ¢) are compensated by the 11/2 term. An analytlc form for

12 iz given by Winterbon ef al. (1970, 1972) as

f(2373y = gA2=m ] 4 (22401

which approachas a power law, 1r{1/2”™), for small values of t. The para-
meters for this power law, 4, m and g are chosen empirically with 4 and g
being fairly constant, but the important exponent, m, is sensitive to the
shape of the tail of the potential (i.e. small valves of 7).

The presentation of the universal cross section curve in terms of the cross
section and velocity of the primary ion is shown in Fig. 2.7. Here the elastic
(nuclear) energy losses are compared with the inelastic ones discussed in the
next section,

To give some quanntatlve feel for the energies at which the nuclear cross
section is a maximum, g,, or the two processes are comparable, g,, Tables

. 2.2 and 2.3 list some representative values of ¢/E, p/R, &, and ¢, for a variety

of ion target combinations. As a guide line we can equate e, and g, with &
values of 0-35 and 3.

In this section we have cutlined how the Lindhard, Scharff, Schiett (1963}
theory has developed; for a detailed discussion of the validity of this and
other potentials the reader is referred to the books by Carter and Colligen
(1968) and Torrens {1972}, or the conference proceedings edited by Gehlen
et al. (1972},

2.5 ELECTRONIC ENERGY LOSS

A classical approach is also appropriate when considering the inelastic
energy loss from the passage of the ion through the electronic cloud of the
target atom. Again one can trace the historical approach from the early
theory of Bohr (1913) where he considered a fully ionised atom striking a
second ion. The primary ion will be stripped of all its electrons if it is moving
at a higher velocity than the electrons of the K shell (v > Z,e%/#) so the rate
of energy loss will depend an the closeness of approach to the second atom
and thus the number of electrons which can be excited. Bohr wrote the

energy loss as _
(dE) _4nlee‘B
dx / ctectranic - ntv

where B is a measure of the penetration through the electron shells,




