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The first part of this review surveys the forms of energy exchange between incident ions 
and target atoms, going on to an examination of the distribution in depth of deposited 
energy. This analysis is then used to interpret the sputtering yield under various circum- 
stances. The last part of the paper is devoted to a survey of different forms of radiation 
damage in sputtered targets, with special reference to the many factors that modify the 
original composition profile: such modification is related to the bombardment conditions 
used in analytical techniques such as AES, ESCA or SIMS which may be used, inter alia, 
to determine composition profiles. 

1. Introduction 
The bombardment of a solid by a beam of ions of 
selected mass and energy induces the formation 
of much residual damage in the target and the 
emission of various species such as backscattered 
ions, sputtered atoms and clusters, secondary and 
Auger electrons, light and X-rays (see Fig. 1), each 
providing a distinct mode of surface analysis [1 ]. 
This damage and these emissions result from the 
progressive slowing down of the incoming ion, 
via elastic scattering by the atom cores and via 
inelastic scattering by electron shells and free 
electrons. The ion is implanted at a depth depend- 
ing on its energy and on the scattering sequence; 
a few are backscattered in vacuum. Targets atoms 
are displaced from their equilibrium sites during 
elastic collisions with the incident ion. These 
recoiling atoms displace other target atoms in their 
turn, and a complex collision cascade is set up. A 
large number of atoms are set in motion during this 
cascade of primary and secondary recoils (Fig. 1). 

A small fraction of the atoms set in motion are 
sputtered. Most come to rest on other sites and 
contribute to a mixing of atomic layers. Other 
forms of radiation damage are the implantation of 
ions, selective displacements of species during the 
collision cascade according to their masses and 

binding energies, and enhanced diffusion due to 
residual defects. All these forms of damage con- 
tribute to change the composition and structure 
of the target. 

Sputtered atoms were well defined by Sigmund 
[2] as one particular variant of the various types 
of radiation damage created during the collision 
cascade. Sputtered atoms may be characterized 
as the flux of atoms moving toward the target 
surface, with an energy large enough not to be 
scattered in other directions and to overcome the 
surface potential. Only atoms issuing from the 
outermost layers have a noticeable probability 
of fulfilling these conditions. Thus the number of 
sputtered atoms N s per incident ion is closely 
related to the number of atoms set in motion N d 
and their depth distribution. The number of dis- 
placed atoms depends on the energy E 1 of the 
incoming ions and on the displacement energy Ea, 
which is entirely characteristic of the target struc- 
ture and composition. Their distribution depends 
on the displacement cross-section od of  target 
atoms by ions and secondary projectiles set in 
motion at various depth with an energy greater 
than E a. It is closely connected with the law of 
slowing down of incident ions and their mean 
penetration depth. 
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Figure 1 Emission processes induced by the bombardment of a target by an ion beam. 

Thus the first section of this paper will be 
devoted to giving a feel for the energy exchanges 
which occur between projectiles of various energy 
(incident ions and recoiling atoms) and atoms at 
rest in the lattice. The conclusion of this section 
will be the formulation of energy losses as a func- 
tion of E1 and of the atomic parameters of incident 
ions and target atoms, according to the theory of 
Lindhard, Scharff and Schir [1, 3-6] .  The 
account which will be presented in Sections 2 and 
3, of the depth distribution of the deposited 
energy and of the correlation between this distri- 
bution and the sputtering yield S (equal to Ns), 

is greatly indebted to Sigmund's papers on the 
topic [2, 7-10] .  The second part of this paper is 
devoted to a discussion of the balance between 
sputtering and other forms of radiation damage, 
with particular reference to the bombardment con- 
ditions used in Auger electron spectroscopy, elec- 
tron spectroscopy for chemical analysis or second- 
ary ion mass spectrometry (AES, ESCA, or SIMS), 

Our purpose is not to review up-to-date calcu- 
lations of the amount of the various types of 
radiation damage, but to provide the necessary 
scientific basis for investigators concerned with 
the analysis of the surfaces of  materials. 
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Figure 2 Scattering of a particle 
(MI, vl, El) by an atom (M=) 
at rest: - trajectory . . . . . .  
asymptotes. The energy trans- 
feted to atom 2 is T=E 1 --E'I. 

2. Energy losses 
In the theory of Lindhard, Scharff and SchiCtt 
(LSS theory) [3], the elastic energy losses, due to 
a scattering of the incident particle (/141, vl, El) 
in the electric field of atoms, and the inelastic 
losses are considered separately. Let x denote the 
depth below the surface and dE1/dx the differ- 
ential energy loss or stopping power of an infini- 
tesimal thickness dx of the target. It is equal to 
the sum of a nuclear stopping power, (dE1/dx)n, 
and an electric one, (dE1/dx)~: then 

dEll {dEx]+IdE~] 
-~x ] = ~ dx ]n l ~x  ]e 

= N[a.(E~) + ~o(E1)] 

in which N is the number of scattering centres or 
atoms in the thickness dx, and oh(El), ae(E1)the 
nuclear and electronic stopping cross-sections of 
each scattering centre. 

2.1. General considerations on the elastic 
scattering of a particle in the electric 
field of an atom at rest 

The reader should refer to references [11] and 
[12] for background material on the treatment of 
elastic and inelastic scattering. Important par- 
ameters of the elastic scattering of a particle 
(341, vl, el) by a motionless atom 2142 are indicated 
in Fig. 2. Let (i) r and 4~ denote the coordinates of 
the trajectory of the incident particle 1 in a 
relative frame of reference with origin at atom 2, 
(ii) b the impact parameter (b is the distance 
between the tangent to the trajectory of the 
incoming ion and a parallel line passing through 
Mz, which would correspond to a head-on collision 
with the same speed v~), (iii)E r the relative energy 
of particle 1, and (iv) V(r) its potential energy. 

One can obtain a simple relation between these 
parameters by writting the laws of the conser- 
vation of the energy and momentum: 

with 

b 2 V(rm) 
2 - ] (1) 

rm ~r 

M= 
E~ = E, M1 +----~ (2) 

This equation accounts for the observation that, 
for a given impact parameter b, the distance of 
closest approach r m decreases with increasing 
relative energy. Meantime, the potential energy 
V(rm) becomes more repulsive. When considering 
the classical scheme of the potential energy as a 
function of the distance between atoms r, the 
potential is attractive for values of r greater than 
the equilibrium distance D in the chemical bond 
1-2, and it is repulsive for values of r lower than 
D. Nuclear scattering occurs only in this last case. 
Thus the scattering angle 0 of the incoming par- 
ticle and the kinetic energy T transferred to atom 
2 depends on b and E1 : they increase when E1 and 
b decrease. A differential scattering cross-section 
must be defined for each pair of  values b, El. This 
differential cross-section do(E1, b) corresponds to 
to one scattering event with a potential V(rm) , 
a transferred energy T and a scattering angle 0. 
It is generally expressed as a function of two 
other variables related to b and El: da(E1, T) or 
de(E1,0). 

2.2. Choice of an analytical form of the 
potential V(r) 

An important hypothesis for further calculations 
is that V(r) is a steady-state function, i.e. indepen- 
dent of the electronic exchange energy (which 
increase when r decreases). 

The most straightforward expression for the 
repulsive potential between nuclei is the Coulomb 
potential V(r)= Z1Z2e2/r. But the value of this 
potential is too high for distance r greater than 
0.5D. For values of r ranging from 0.5 to 1D the 
screening effect of the nuclear charge by its 
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Figure 3 Interatomic potentials for copper [12]: 
(1) Coulomb potential, (2) Thomas-Fermi potential, 
(3) Born-Mayer potential, (4) Bohr potential. D is the 
lattice constant (0.255 nm). 

electron core must be taken into account. The 
Coulomb potential is balanced by a screening 
function qJ(r/a), as follows: 

Zl Z2e 2 
v(r)  - t)(r/a) (3) 

i" 

in which a is a screening radius. 
Various functions V(r) have been proposed, 

whose validity depends on the value of  r. The 
most useful are the Bohr potential (valid for 
r ~ 0 . 1  nm), the Thomas-Fermi potential, and 
the purely exponential potential A e  -r/a proposed 
by Born-Mayer (valid for r >> 0.1 nm). They are 
summarized on Fig. 3 [12]. 

Lindhard proposed a common approximation 
to all these potentials, of  the form: 

a n - 1  

v(r) = z lz2e 2 (4) 
i, l r n 

T A B L E  I 

in which n varies according to the distance of  
closest approach r m or to the energy E1 of  the 
incident particle. 

The value n = 1 corresponds to a Coulomb 
potential, describing a Rutherford-type scattering; 
n = 2 or 3 correspond to a Thomas-Fermi  poten- 
tial and values of  n >> 1 to a Born-Mayer one. 
The limiting value n = ~ describes the collision 
of  a point particle 341 with a hard sphere. Sche- 
matically, the incident atom i sees the atom at 
rest 2 as a billiard ball or penetrates a deadening 
gas of  electrons. 

2.3.  Values  o f  t h e  elast ic  s t o p p i n g  p o w e r  
The analytical forms of da(E1, T )  corresponding 
to the above-mentioned potentials are summarized 
in Table I. They are expressed as a function of 
the parameter m = 1/n involved in Equation 4. 

The stopping cross-section of  particles incoming 
with an energy E1 and with various b - and 
scattered in various directions with different 
values of  T - is the mean scattering cross-section 
over all values of  b, 0 or T: 

an(E1) = f dan(El, b) "b 

= fTdan(E1 ,  T )  

/ ,  

= J0 don(el, 0) (S) 

Note that the displacement cross-section q d is 
the partial integration over kinetic energies T 
transferred to the nucleus, ranging from the dis- 
placement energy E d to El. 

2.4.  Values  o f  t h e  inelast ic  s t o p p i n g  p o w e r  
Let Q be the energy transferred to electron shells 
by the incident particle during inelastic collisions. 
Fig. 4 shows the variation of  Q with the distance 
of  closest approach r=  [11 ]. Q(r=) values may be 
deduced from spectroscopic data on the cross- 

E 1/M I V(r) m o e d T  
d a  n -= C m E ' ~ m T l  +m 

> 100 keV(amu) -1 Coutomb 

> 10 eV(amu) -1 Thomas-Fermi 

< 10 eV(amu)- 1 Born -Mayer 

1 k/Ex CmdT 
E l T 2 
CmdT 

1/2 or 1/3 kE11 a t/2 a~ 
E 1 T 
C o dT 

0 very low 
T 

1270 



6000 

5000 

4000 

3 0 0 0 -  
C~ 

2000 - 

1000 - 

0-1  
0.001 

' ' ' I ' '  " 1  

\ \ 
x \  

N ~ 
~176 ~...o\ %..~. 

~176  "~. ooo ~ 

I I 
I 

0.002 0.005 0.010 

rm(nrn) 

o o o o o o ~  

ooo 

I @@Ool 

0.020 

Figure 4 Average inelastic energy 
loss Q as a function of the 
distance of closest approach 
r m, for various projectile energies 
[ 11 ]. These experimental results 
were obtained by Kessel etal. 
(1969) for Ar+-Ar collisions. 

sections of  various transitions between energy 
levels of  electrons and the cross-section of  ion- 
ization of  atoms. 

Note that r m values lower than 0 .010nm 
correspond to high energy ions (El/M1) of  the 
order of  1MeV (atomic mass unity) -1. For 
medium and low energies, individual inelastic 
energy losses Q(rm) remain negligible when com- 
pared to E 1. In these conditions, inelastic energy 
losses will be treated as due to a friction force 
exercised by an electron gas on the incoming 
particle, rather than to individual scatterings 
with various transferred energies Q and angles 0. 

This friction force results in: 

1. An ionization of the electron gas by high- 
energy particles (El/M1> 100 keV(amu)-a ). This 
interaction is described by an energy dependence 
of  the oe(E1)= k/E1, where k is a constant that 
depends on Z1, Z2, M1, M2; 

2. Excitation and ionization processes for 
medium energy particles (El/M1 > 10 eV(amu)-l),  
which correspond to the energy range of  ions used 
for sputtering experiments. Using a T hom a s -  

Fermi model, Lindhard calculated O e ( ~ l ) =  kEl/2; 
3. Individual excitations of  electrons in valence 

bands or of  electrons of  conduction, and collective 
longitudinal excitation of  the conduction electron 
gas (plasmons), for particles with an energy lower 
than 10eV(amu) -1. In this case, a simple law of  
the type ee(E1) = f (E1)  has not as yet been deter- 
mined. 

2.5. The balance between nuclear and 
electronic stopping powers in the 
medium energy range 

Fig. 5 shows the variations of  both nuclear and 
electronic stopping powers as a function of  the 
energy in a dimensionless universal system 
de/dp = f ( e ) ;  the reduced energy e and depth p 
are independent of  the mass and the atomic 
number of  ions and target atoms [12]. 

The nuclear stopping power is greater than the 
electronic one in the case of  ions of  relatively 
low energy and medium mass. For instance, the 
stopping powers of 1 keV argon ions by a silicon 
or nickel target are comparable and equal to 
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Figure 5 Nuclear and electronic stopping powers in 
reduced units: e = E 1 [ M J ( M  1 + M2)] {ao/[e2Z1Z~ (Z~/s + 
Z~/3)u~]}; p = x47rN[a~o/(Z~/s + Z~/3)] [ M I M J ( M  1 + M~)]; 
a o being the  Bohr radius of the  hydrogen atom. k = 1.5 
for protons and k = 0.1 for argon ions in most  materials. 

(de/do), = 0.4 and (de/dO)e = 0.03, i.e. (dEl/dx)n 
of the order of 10-2keVnm -1 and (dE1/dx)e of 
the order of 10-3keVnm -l. This accounts for the 
usual choice of argon ions with an energy in the 
range 0.5 to 5 keV in sputtering experiments. In 
these experimental conditions the greater part of 
the energy of the incoming ions is transferred to 
atoms. 

2.6. Correlat ion between the sputter ing 
yield S(E 1) and (dE1/dx) n 

This correlation is clear since the number of dis- 
placed atoms must depend on the stopping power 
of nucleus. It is illustrated in Fig. 6, for the case 
of a copper target bombarded with Kr + ions [2]. 
The sputtering yields were obtained by measuring 
weight losses of a polycrystalline copper target, 
and the energy losses (dE1/dx)n were calculated 
by means of the LSS theory, summarized in 
previous Sections. The proportionality of  S(E1) to 
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Figure 6 Measured sputtering yields for k ryp ton  ions on polycrystalline copper at normal  incidence, and calculated 
nuclear stopping power [2 ]. 
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Figure 7 Energy distribution of 
atoms and clusters ejected from 
a copper target by 0.6keV 
argon ions [ 16 ]. 

(dE1/dx)n is general, whatever may be the target, 
for incoming ions of medium energy [13]: 

cc /dEl l  
s(u,) \72xi. (6) 

3. Depth distribution of the deposited 
energy and correlation with the 
sputtering yield 

Generally, sputtering and the formation of point 
defects result from the dissipation of the energy 
of incoming ions during a linear cascade of binary 
collisions (primary collisions between the incom- 
ing ion and atoms at rest (I), secondary collisions 
between projectiles (I) set in motion and other 
atoms at rest (II), etc.). But, in some cases, the 
observed phenomena account for a more general 
agitation of atoms Within a volume whose dimen- 
sions are of the order of the ion range. Such an 
agitation of atoms is called a spike [14]. The depth 
distribution of the deposited energy and the par- 
ameters of the sputtering yield are different in 
the two cases [2, 15]. 

3.1. Energy transfers during a linear 
collision cascade; energetic distribution 
of recoiling atoms and sputtered atoms 

The energy deposited at each depth is transported 

mainly by incoming ions and atoms (I) displaced 
during primary collisions with the incident ions. 

These primary recoiling atoms may be sputtered 
by a simple rebound or multiple rebound process 
[15]. These carry most part of the energy of 
sputtered particles. Those primary recoiling atoms 
which are not directly sputtered induce secondary, 
ternary collisions. A larger number of atoms are 
displaced during these collisions, but the kinetic 
energy of the projectiles decreases with the order 
of the collision. Consequently projectiles of 
second or third order can be sputtered only if 
located in the outermost layers of the surface 
before the collision cascade. This accounts for the 
dependence of S on the depth distribution of the 
deposited energy: the larger the fraction of the 
projectile energy deposited in the outermost 
layers, the higher the sputtering yield and the 
lower and the number of defects which are created 
in the bulk. 

Sputtering of atoms by a cascade of secondary 
and tertiary collisions is designated a "slow 
collisional process", in opposition to the "quick 
collisional process" of rebound [15]. The differ- 
ence in the kinetic energies of atoms sputtered by 
the two processes is illustrated in Fig. 7, which 
shows the energy distribution of atoms and 
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Figure 8 Simulated bombardment  of  a copper target with 
0 .6keV argon ions. Only the atoms involved in the 
collision cascade are drawn. Other atoms are located at 
the intersections of  the grid lines [ 16 ]. 

clusters ejected from a copper target by 0.6keV 
argon ions. This distribution was deduced from 
computed simulations of collision cascades [16]. 
The small 50eV peak corresponds to primary 
atoms sputtered by rebound; but most of the 
sputtered atoms, those ejected after two or more 
collisions, have kinetic energy in the range 1 to 
4eV. 

Fig. 8 shows the computed simulation of one 
collision cascade [17]: sputtered atoms 2, 3, 4, 5, 
6 issue from the outermost layer of the target and 
have a low kinetic energy. One must also note on 
this figure the evidence of a focused collision 
sequence (atoms 14, 12, 9, 4). These "focusons" 
occur essentially along atomic rows of high 
density; statistically they contribute only a few 
per cent to sputtering yields [22, 23 ]. 

3.2. Depth distribution of the energy 
deposited during a linear collision 
cascade; correlation with the 
sputtering yield 

The depth distribution fl(x) of the energy 
deposited by incoming ions may be easily deduced 
from the energy losses [12]: 

dxl  = N[on(E1) + o~,(E1)] (7) 

Consider an amorphous or polycrystalline 
target in order to eliminate the influence of the 
crystallographic orientation of the surface on the 
mean free path of incoming ions (channelling of 
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ions entering the target along a direction parallel 
to dense atomic rows or planes). Consider also 
the case of ions of medium energies which are 
generally used for sputtering experiments. In this 
case, the distribution f~ (x) of the deposited energy 
can be approximated by a Gaussian, because the 
energy of ions is essentially dissipated during 
elastic collisions, fl (x) represents also the distri- 
bution of ions which come to rest, i.e. implanted 
ions. 

1 I x - < x l ) l  2 

fl(x) - 2rr(Ax12)l/2 exp 2(Ax12 ) 
with (8) 

<~x~> = (x  - (x~>) ~ 

The mean implantation depth xl is given by the 
Lindhard equation: 

1 (E,  dE 

(X1) = N Jo (7n(l~ "~ oe(E) (9) 

The depth distribution f(x) of the energy 
deposited by all the projectiles, during a cascade 
of elastic collisions, is also sensibly Gaussian. It 
also represents the depth distribution of atoms 
displaced during collisions of successive orders, 
i.e., the distribution of induced defects. The values 
of (x) and (Ax 2) are generally different for the 
two distribution f l (x)  and f(x) (see Fig. 9a), 
because the mean free path of primary recoiling 
atoms may not be neglected as compared to (Xl). 

But functions of greater interest for the calcu- 
lation of the sputtering yield are the integrations 
Fl(x ) and F(x) of the energy deposited during 
elastic collisions on layers of thickness (0, x). These 
functions are indicated in Fig. 9b. In this figure, 
v(E1) is the part of the energy E1 transferred to 
recoiling atoms during the whole cascade. The 
energy taken out the target F(x = 0) is mostly 
transported by sputtered atoms, to a small extent 
by backscattered ions. 

The sputtering yield is proportional to the part 
of the available energy which is deposited in the 
outermost layers of the target F(x ~ 0). On the 
other hand, the mean value of Fl(X--~ 0) is the 
stopping power of the target (dE1/dx)n for ions 
entering an amorphous or polycrystalline surface 
with an energy El. 

F(x ~_ 0) differs from Fl(x ~ 0) by a factor a. 
a represents the proportion of displaced atoms in 
the outermost layers of the target. It represents 
the influences of various parameters such as: 
(i) the relative masses of incident ions and target 
atoms on the scattering angle of ions; ( i i ) the  
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Figure 9 Schematic distribution of the deposited energy. 

incidence angle of ions; (iii) the crystallinity of 
the target. 

The last factor, A, of the sputtering yield, 
represents the probability that atoms displaced in 
the outermost layers will leave the target. A part 
of the incident energy F(x ~ 0) is deposited in 
the form of low kinetic energies transferred to 
secondary recoiling atoms. Only a fraction of 
these atoms move toward the surface. They may 
be stopped before emerging from the surface and 
they must overcome the surface potential barrier. 

The analytical expression of the sputtering 
yield, then is: 

Aa ( dEll 
S(E1) = A F ( x ~ 0 )  = ~ x ]  n (10) 

Two procedures may be used to estimate the 
fraction of the energy deposited at each depth 
f(x), and especially F(x "~ 0), S. 

(a) The first one is based on the estimation of 
mean values of the stopping cross-section e,,(E) 
and of the displacement cross-sections oa(E), or 
the mean free path of the various projectiles, by 
means of above Equations 7 to 10 and Table I 
[7, 18-20]. In the case of an amorphous target, 
the Boltzmann transport equation may be used 
to describe the different flux of particles in the 
target with various masses and speed at each 
instant t and at each depth x: g(x, v, M, t). Such 
a model was used by Sigmund to estimate S in 
monatomic targets [7], then in composite targets 
[20, 21 ], for low fluences of incoming ions (before 
any change in the superficial composition). 

(b) Collision cascades may also be simulated by 
means of a computer, taking into account energy 
transfers during each collision (with various par- 
ameters E, b, T, 0). Such simulations were per- 

formed by several authors [16, 17, 22-25]  using 
a Monte Carlo procedure. These calculations 
provide an estimation of the global sputtering 
yield but also energy and angular distributions 
of ejected particles, sputtering yields of clusters 
and an approach to their mechanism of formation 
[22, 25]. Moreover the dependence of the sputter- 
ing yield upon the crystallographic orientation 
of the surface with respect to the direction of 
incidence of the ion beam, may be taken into 
account [22, 23]. The variation of the sputtering 
yield of each element in a composite target with 
the fluence of ions (due to changes in the super- 
ficial composition) may be calculated [26], more 
easily than with a global estimation of the flux 
gi(x, v, Mi, t) of atoms i provided by various 
models [19, 20, 27-29].  

However, the models proposed by Sigmund 
and other authors [7, 18, 19, 30] give analytical 
expressions of S as a function of the different 
macroscopic parameters: energy and incidence 
angle of ions, respective masses of ions and target 
atoms, surface potential, etc. They permit 
materials scientists using surface analytical tech- 
niques to estimate easily the variation of S with 
the conditions of bombardment and with the 
nature and composition of the target. 

3.3. Depth distribution of the energy 
deposited during a spike 

We defined spikes as a general agitation of atoms 
within the cascade volume, which can no more 
be described by binary collisions. Experimental 
evidence for the existence of spikes consists of 
measured values of the sputtering yield exceeding 
the result predicted from linear collision cascade 
theory, different energy distributions of the 
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sputtered particles and particular residual defects 
[2, 15, 31-41].  One must consider different 
concepts under the term "spike". 

Collisional spikes occur for example in heavy 
targets bombarded with heavy ions, e.g. Xe +, Kr +, 
Au + ions bombarding a gold target [31, 32]. The 
difference between a linear collision cascade and 
a collisional spike is a matter of the number of 
atoms in motion in the cascade volume X [14]. 
A discrete cascade occurs when there is a long 
mean free path between significant elastic 
collisions. On the contrary, the energy transferred 
to atoms v(E1) is deposited within a small volume 
in the case of a collisional spike. Let N be the 
number of atoms per unit volume. Almost all 
(NX) atoms are set in motion within the cascade 
volume X when the mean energy transferred to 
each atom 0 exceeds a critical value 00: [2] 

P(~I) 
0 = >00 (11) 

NX 

This critical value of the deposited energy 
density is much lower than the displacement 
energy of  atoms during an individual elastic 
collision. Ruault et al. [32] observed residual 
defects in gold, which were characteristic of a 
spike, for values of 0 ~> 2 eV per atom. The spike 
may be assimilated to a local thermal agitation 
of atoms in a volume X and 0 to the "temperature 
of atoms", which is dissipated during a character- 
istic time r for the decay of the temperature in 
the hot spot (r ~-- 10-13sec). 

Other types of spikes occur in some insulators 
and ionic crystals (for example alkali halides)[35, 
38, 40, 41], which were ascribed to particular 
dissipation mechanism of inelastic energy losses. 
However, while attempts have been made to 
develop a crude procedure for the estimation of 
F(x)  in a spike and of the sputtering yield S 
[2, 15, 20, 42], no calculations fitting exper- 
imental measurements of S have been made until 
today. 

4. Estimation of the sputtering yield S 
within the linear cascade regime 

4.1. Sigmund equation for an individual 
sputtering event on a monatomic and 
amorphous target 

In such a case the Boltzmann equation describes 
the different flux of particles at each depth x in 
the target. Among particles moving in a layer 
(x, x + dx), one must distinguish: 

(a) incoming ions and primary recoiling atoms 
which have a Thomas-Fermi scattering cross- 
section, 

(b) atoms of low kinetic energy, displaced 
during secondary recoils, which have a Born-  
Mayer scattering cross-section. 

Variation in the amount g(x, M, v, t) of par- 
ticles of a given mass and speed in each layer are 
due to the motion of atoms in and out the layer 
of thickness dx and to scattering events, during 
which new atoms are set in motion and the speed 
of incident particles is changed 

= - -  + vx'gradx(g) 
M,v,x \, Ot]M,v,x (12) 

A definitive value must be ascribed to the dis- 
placement energy E d to determine the amount of 
atoms set in motion during collisions. In an 
amorphous target E d is isotropic; its value is the 
cohesive energy per atom in the sputtered phase. 

The whole development of the calculations will 
not be presented here; we will follow a simplified 
approach as presented by Sigmund in one of his 
more recent papers [2]. 

4. 1.1. Estimation of the number of  
displaced atoms in outermost layers 

Values of the energy deposited at each depth and 
of the factor a are deduced from estimates of the 
flux of ions and primary recoiling atoms at each 
depth during the whole collision cascade. The 
transport theory predicts a (cos 0) -f dependence 
of a on the incidence angle 0 of ions with respect 
to the normal to the surface, f is a function of 
masses M1, M2 and of the exponent m involved in 
the analytical formula of the scattering cross- 
section. In the case of argon ions of a few keV 
and for not too heavy target atoms (M2< 100), 
f i s  about equal to 5/3. Fig. 10 shows a comparison 
of the calculated evolution of the sputtering yield 
as a function of 0 with experimental value of S(O) 
[7]. For angles greater than 70 ~ the measured 
sputtering yield decreases, because most part of 
the incident ions are backscattered by atoms of 
the outermost layer. 

The value of ~ for a normal incidence, aN, 
depends also on respective masses M1, M2 and on 
the exponent m of the interaction law. Fig. 11 
shows a comparison of the calculated and 
measured variations [2, 9, 43 ]. In the case of target 
atoms not too heavy with respect to the mass of 
ions, the value of aN(M2/M1 ) is about 0.2. 
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U s is considered as a constant equal to half the 
value of  E a . In metallic targets U s may be approxi- 
mated by the sublimation energy. The factor A 
accounts for the angular distribution of their 
speeds (v x must be negative) their stopping cross- 
section and the surface potential. It is equal to: 

3 1 0.0420 
A - (14) 

4~ ~ Co Us Us 

where Co is the screening factor of the B o r n -  
Mayer cross-section (see Table I). 

The resulting value of  the sputtering yield is: 

S - 4zr~CoUsen(M~/Ml)cosO N ~  dx]  n 

(15) 

Figure 10 Variation of the sputtering yield with angle of 
incidence for argon ions bombarding a polycrystalline 
copper target [7]. The thick solid curve correspond to 
the cos 0-sn dependence predicted by Sigmund calcu- 
lations. A cos 0-' dependence would reflect the ratio of 
velocities Vax/V ~ . Other curves and points are exper- 
imental data. 

4. 1.2. Estimation of  their ejection 
probability 

The sputtering yield is the integration over the 
whole duration of  the cascade of  the flux of  target 
atoms g(x = O, Ms, v, t) moving outward the sur- 
face plane x = 0 with a component of speed vx in 
direction x large enough to overcome the surface 
potential barrier, Us: 

(2Usi~/2 #x> [--~2 ] (13) 

4.2 ,  C o m p a r i s o n  wi th  e x p e r i m e n t a l  results  
The Sigmund model provides calculated values of  
S fitting well the measured values in most mon- 
atomic materials. It was shown in previous 
Sections that experience conforms the predicted 
correlation between S and the nuclear stopping 
power (Fig. 6) and the incidence angle of  ions 
(Fig. 10). 

S varies with the energy of  incident ions as 
(dEddx)n (Fig. 12). It depends on the mass of  
incident ions (Fig. 12) by means of  stopping 
power (dE1/dx)n and (~N. The calculated value 
increases continuously with Mr. The experimental 
evolution obtained by Almen and Bruce [13] is 
shown on Fig. 13: a large number o f  ions and 
three different targets of  increasing masses are 
considered. Lastly, S presents the same periodicity 

1 . 5  ~ I I " ' I ~ . . . .  I J I ' ; '  I ' ' ' ' 1 /  ' 

/ 

o Cu- Tar#et / 

�9 S i  ~ I I - -  / 
Au ~ u  / 

1. 0 " Theory / a a  
z~ 

0 , 5 .  

OF , I , ,  I , , , , ,  , , , , , ,  , ,LM2~ M! 
0.1 0.2 0.5 10 2 5 10 20 

Figure 11 Variation of  ~ at 
normal incidence with the ratio 
of masses M~/M~ [9, 37, 43]. 
The factor <x was deduced from 
measured yields S of silicon, 
copper, silver, gold targets 
bombarded with various 45 keY 
ions. Corrections for electronic 
stopping and surface effect 
improve the agreement at large 
mass ratios. 
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Figure 12 Variation of the sputtering yield with the mass 
and energy of  ions, for a silver target bombarded with 
various noble gas ions [44 ]. 

as a function of the atomic number of target 
atoms as does the surface binding energy (Fig. 14) 
[13,44]. 

The usual values of S in polycrystalline targets 
bombarded by argon ions of a few keV are in the 
range 1 to 10 atoms/incident ion. The depth x0 
from which most sputtered atoms issue is indepen- 
dent of the energy of incoming ions. Sigmund 
calculated that Xo is of the order of 2 atomic rows, 
i.e. 0.5 nm for a copper target [7]. 

4.3. Interpolation of this model for 
individual sputtering events in 
polyatomic targets [20, 30] 

The partial sputtering yield S~ of the i component 
in the polyatomic target (noted ') may be written: 

S;(E1) = C i A i F ' ( x  ~-- 0) (16)  

in which Ci is the atomic concentration of the i 
component, A'i the probability for i atoms dis- 
placed in outermost layers to leave the surface, 
and F' ( x  ~ 0 )  the part of the energy deposited 
near the surface in the polyatomic target. 

For a target composed of elements of almost 
equal masses, the parameters of the cascade have 
nearly the same values in the elemental i target 
and in the polyatomic one. Thus the sputtering 
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Figure  1 3  Variation of  the sputtering yield with the atomic number of  target atoms for 400 eV argon ions [44]. 
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Figure 14 Summary of sputtering 
yields for a large number of 45 keV 
ions bombarding tantalum, copper 
and silver targets [13]. The observed 
evolutions include the effects of the 
mass of target atoms and ions, the 
binding energy of target atoms and 
chemical effects due to the nature 
of the bombarding species. Large 
ion doses were used in these exper- 
iments and compounds are formed 
by the target (Ta, Cu, Ag) and some 
implanted ions. 

yield of  each element varies as the surface binding 
energy Us of  the i element [20]. 

/ ~ l - 2  rrt  

\ s , i /  

with 0 < m < 0,2. The least bound species tend to 
sputter preferentially. 

For not too different masses of  elements i and 
/ in a binary target i - / ,  the ratio of  the partial 
sputtering yields may be approximated by the 
expression [20]: 

p 2 m  r 1 - 2 m  

Si - Ci(M]t-- (Us--~-]l, . ( 1 8 )  

s; GtM,/ 
For Usj ~ Us,i the lighter species sputter prefer- 
entially. 

The equations are more complicated in the case 
o f  very different masses, and all possible cases of  
preferential sputtering may be predicted from 
Jimenez equations developed by Sigmund [20] 
and Jimenez-Rodriguez et al. [30]. The evaluation 
o f  sputtering yields were tested for a few binary 
systems, and fit well with experimental results 
[30]. 

4.4. Limits of  the model 
We previously stated that the above equations are 
only valid in the case of  a linear collision cascade. 
Now the Sigmund model neglects the influence of 
the target crystaUinity, which determines the mean 
range (x) of  ions and values of  E a and U s. The 
variation in the channeling of  the ion beam with 
the crystallographic orientation of  the surface 

induces a simultaneous variation o f  the energy 
deposited in the outermost atomic layers of  the 
surface. This phenomenon accounts for the 
observed changes in the sputtering yield of  a 
crystal according to its surface orientation 
(Fig. 15). In a crystalline target, the requisite 
energy E a to produce an effective displacement 
depends on the direction, of  the recoil, because 
of  the possibility of  a further substitution during 
a secondary collision or of  a substitution between 
the recoiling atom and a vacancy. The value of  E d 

15! 
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f 
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Figure 15 Variation of the sputtering yield of a silver 
target with its surface orientation and the energy of argon 
ions (after Magnusou and Carlson, 1963) [11 ]. 
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is greatest for atoms recoiling along dense atomic 
rows. When considering the energy range of 
recoiling atoms, there is a minimal value Ed(min ) 
for which a few atoms will be displaced if recoiling 
in an optimal direction, and there is a maximal 
value Ea(max ) for which the probability of a 
displacement is equal to unity whatever the 
direction of the recoil. One must also consider 
focusons which may make a small contribution to 
sputtering. The surface potential does not have 
a simple value, but depends on the surface orien- 
tation. However, such variations in the range of 
ions, the displacement energy and the surface 
potential are averaged in a polycrystalline target; 
in this case, the measured sputtering yield may be 
considered as equivalent to that of an amorphous 
target. 

The main limit of the Sigmund model (and 
other models based on the same concepts) with 
respect to computer simulations of sputtering 
events, is that cumulative changes in the surface 
composition due to successive cascades are put 
into equations with difficulty. In  the case of 
monatomic targets, the sputtering yield varies 
progressively with the dose of implanted ions. 
The change of the target composition accounts 
for the deviation between the discontinuous 
variation of S with the mass of ions observed on 
Fig. 13 and the continuous variation predicted by 
the theory. Elements of a theory were proposed 
by Sigmund in recent papers [19, 21] to estimate 
the effect of heterogeneous redistribution of the 
elements in outermost layers of polyatomic targets 
with increasing ion fluences on their respective 
sputtering yields. 

Note also that the sputtering yield may differ 
from the expected value at the beginning of the 
erosion process because of surface contamination. 
In particular, a metallic surface is generally 
covered with an oxide film when exposed to 
oxygen partial pressures exceeding 10-Storr; 
this oxide is continuously replaced when the ion 
bombardment density is such that the sputtering 
rate of the surface is lower than the covering rate 
of the surface with adsorbed atoms (Fig. 16) 
[45, 46]. 

5. Radiation damage: changes in the 
structure of the surface due to sputtering 

The number of atoms displaced during each 
collision cascade may be estimated by the semi- 
empirical Kinchin-Pease formula [12] 
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Figure 16 Variation of  the sputtering yield of  a silicon 
target with the oxygen partial pressure [45 ]. 

& 
Nd(E1) = (19) 

2Ea 

It was previously stated that the value of E d is 
determined with difficulty. In most materials, 
experimental values of Ed(min ) are in the range 
10 to 50eV; they are of the order of 40 to 50eV 
in metals and lower in semiconductors [30]. 
Values of Ed(max ) were estimated as 2.6Ed(min), 
and the average value corresponding to a 50% 
probability of displacement is 2Ed(min ) [35--37]. 
Thus Nd(E1) may be estimated using experimental 
values of Ed(min): 

& 
Nd(E1 ) - (20) 

4Ed(min) 

A 1 keV argon ion displaces about 12 atoms in a 
nickel or copper target and 25 in silicon. The same 
ion sputters about 3 nickel or copper atoms, and 
1 silicon atom (according to various calculations 
[7, 48]). In this first Section on radiation damage, 
the structure of outermost layers and the surface 
topography resulting from these displacements 
and sputtering events will be discussed. 

5.1. Values and distribution of damages 
in the cascade volume 

The displacement of atoms induces the formation 
of Frenkel pairs within the cascade volume. At 
the end of the collision cascade (10-1asec) a large 
part of these vacancies and interstitials are 
eliminated during lattice vibrations, by mutual 
recombination of pairs which are close enough 
in the lattice or by annihilation at the target sur- 
face [ 11 ]. Residual defects are not uniformly distri- 
buted within the cascade volume, since primary 



recoiling atoms are implanted at the periphery of 
this volume. A vacancy-rich zone is formed in the 
cascade core and interstitials segregate at its 
periphery [11]. This mechanism is confirmed by 
field-ion microscopy experiments [49]. In both 
zones the point defects may collapse into dis- 
location loops, which were observed by many 
authors by transmission electron microscopy 
[32, 50-61].  Interstitial loops are rather created 
under light ion irradiation, while heavier ions 
rather creates vacancy loops [32, 55]: vacancy 
clusters form when the deposited energy density 
exceeds the spike threshold. After a mild anneal, 
individual defects are eliminated at the target 
surface or form loops. 

If metallic targets remain generally crystallized, 
semiconductors [62] and oxides [63] are often 
amorphized after a medium or high dose irradi- 
ation (1014 to 101Vionscm-2): for instance, the 
amorphization of silicon under a 5keV argon 
bombardment is well known in SIMS. 

5.2. Roughness induced by sputtering 
in a single-phase target 

Sputtering induces roughness even on an amorph- 
ous target, since it is a random process. If only 
atoms located at the very surface could be 
sputtered during each collision cascade, a fraction 
of the first layer would be ejected by the first ion, 
then the second ion would sputter some remaining 
atoms of the first layer and uncovered atoms of 
the second one, and so on. This crude scheme 
accounts for a statistical widening of the surface 
rugosity [64] and summarizes the so called SLS 
model [65]. But one must take into account that 
atoms and clusters are sputtered from 2 or 3 layers 
during each cascade and that a part of the rugosity 
i s  smoothed by a surface diffusion of atoms, 
enhanced by radiation damage. The alteration of 
the resolution of interfaces in alternating layers 
of amorphous or microcrystalline materials was 
estimated by simulation using a Monte Carlo 
method [26]. In the case of gold and platinum 
layers 4 nm thick, bombarded by 2 keV argon ions, 
the resolution was constant over 20 successive 
layers, thus demonstrating that the surface top- 
ography was nearly constant after sputtering of 
a few nanometres and of the order of the ion 
range. However, peeling of the target surface one 
layer at a time is an unrealistic simplification. 

In a crystalline target, differences in the 
channeling of ions, differences in the ~/alue of  

the binding energy U s according to the surface 
orientation, and to a lesser extent the contribution 
of  focusons, induce an etching of the grains. This 
effect is used to observe the structure of the 
material, especially in those difficult to etch by 
chemical or electrochemical means. Moreover in 
each grain, sputtering induces periodic structures 
(cones and surface waves of 100 to 1000nm), 
which are due to various processes [581: 

(a) Dechanneling at dislocation lines, inherent 
to a coalescence of radiation damage, 

(b) Local modifications of the surface binding 
energy, due to fluctuations in the surface 
orientation. Such variations induce also a differ- 
ential sputtering in the vicinity of  dislocations 
and grain boundaries. 

This fine rugosity may be of importance in 
quantitative AES, since the analysed area changes 
[96] and because of the anisotropy in the emission 
and the adsorption of Auger electrons [97]. One 
must also take care of this effect when cleaning 
the surface of a monocrystal by sputtering, before 
a study of physical properties of  the oriented sur- 
face or a study of its reactivity with gas. If the 
surface is annealed during or after sputtering, 
a possible influence of the irradiation on faceting, 
or on the distribution and density of dislocation 
networks, or on the formation of periodic struc- 
tures and porosities, must be checked by electron 
microscopy. Fortunately such effects occur 
mostly in targets bombarded with high-energy ions. 

On the other hand, the etching of grains is a 
crucial limitation to depth profiling by any tech- 
nique linked with sputtering. Its inhibitory 
influence on the depth resolution of interfaces 
with AES was studied by Mathieu [98]. The 
author observed that the apparent thickness of 
interfaces, Al, increases with the thickness of the 
material that needs to be removed before reaching 
the interface to be studied. This alteration of the 
interfaces resolution is mainly due to a cumulative 
relief, since other factors affecting the depth 

resolution (see Section 6) do not depend on the 
sputtered thickness. An empirical law was 
proposed, which relates Al to the sputtered 
depth l, the energy of ions E1 and the contribution 
of other factors a: 

a t  = a + b ( ~ , O  ''~ (21) 

53. Roughness induced by differential 
sputtering from a multi-phase target 

Another cause of cone formation is the differ- 
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Figure 17 Formation of cones during sputtering by 5.5 keV argon ions in a Cu-Be 2% sample containing BeO precipi- 
tates (particularly along grain boundaries) [68 ]. 

ential sputtering of precipitates or segregated 
impurities, which have a smaller sputtering yield 
than the matrix [58, 66, 67]. These cones remain 
on the surface for a long time even after the 
inclusion has been sputtered, because the gen- 
erators of the cone are, parallel to the direction 
of incidence of ions. Fig. 17 shows such cones 
formed during a 5 keV argon bombardment in a 
C u - 2 a t %  Be target, containing BeO precipitates 
along grain boundaries and within grain [68]. 
The BeO precipitates have a smaller sputtering 
yield than the copper matrix, The figure illustrates 
the fact that the generators of cones formed along 
various grain boundaries are parallel to the same 
direction. 

On the other hand,such differential sputtering 
induces a continuous change in the surface density 
of  the inclusions, until a steady-state density n s is 
obtained, different from the original one n ~ . The 
thickness x of the matrix, which must be sputtered 
to get the steady-state, was calculated in the case 
of spherical inclusions of radius R [69]: 

x = 2R Smatrix (22) 
Sprecipitates 

The steady-state density is: 

o Smat~ix (23) 
/~s ~ F/S 

Sprecipitates 
Thus gradients in the distribution of precipitates 
will be quantified with difficulty. 

6. Radiation damage: changes in the 
superficial and the depth compositions 
of the target 

Ion implantation, displacements and sputtering 

of atoms during the collision cascade, and the 
diffusion of species at the end of the cascade, 
modify the composition of the surface, which is 
analysed by AES or ESCA. But they also change 
the distribution of atoms in the cascade volume. 
Depth profiles in heterogeneous targets are altered, 
particularly the resolution of interfaces between 
successive layers. 

6,1. Imp lan t ed  ions 
Each implanted ion is sputtered during a following 
collision cascade, but at each instant a noticeable 
amount of the bombarding species remains in the 
target. A crude estimation of the steady-state 
content is: 

1 
Ci = P S + I (24) 

in which p is the implantation probability; it is 
about unity since few ions are backscattered. 
Estimated and measured values of C i for most 
materials sputtered by a few keV argon ions are 
in the range 5 to 15% [12, 26, 70]. 

Inert species such as helium, argon, xenon 
which are insoluble in metals (solubility < 10-1~ 
may precipitate as bubbles, especially when 
sputtering is followed by a mild annealing of the 
target [58]. Irradiation-enhanced diffusion may 
also promote such a precipitation in particular 
targets. Reactive species tend to segregate on linear 
defects and at the surface, or to form a compound 
with the matrix elements. For instance oxide 
precipitates were observed in metals bombarded 
with high oxygen doses (NiO in nickel, Fe304 in 
iron) [71, 72] or CuAI2 precipitates in aluminium 
bombarded with copper ions [58]. Elements such 
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analysis of this distribution by SIMS [78]. The 
higher the energy of argon ions used for the 
analysis, the larger is the deformation of the 
initial Gaussian boron distribution. The effect 
is particularly obvious in the chosen example, 
because the recoil implantation of atoms is 
selective. Boron and silicon atoms have very differ- 
ent masses and boron atoms are preferentially 
displaced during primary collisions. 

Experiments performed by Seran [74] indicate 
that the lengthening of the profiles is nearly 
proportional to EllS. 

lO 
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lOkeV 501teV 30key 
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Figure 18 Depth profiles of boron in a silicon target 
implanted with 20 keV B § ions. Parameter is the energy of 
the primary Ar § ions used in the SIMS analysis [77, 78]. 

as phosphorus or boron implanted in nickel 
segregates at the surface [70], because of their 
enhanced diffusion during successive cascades. 

6.2. Recoil implantat ions and cascade 
mix ing 

One must distinguish atoms displaced during 
primary recoils from those displaced during the 
cascade of secondary recoils. Their mean free 
path are different and their displacements have 
two different effects on the depth distribution of 
atoms in the target: for instance on the broad- 
ening of interfaces in a multilayer target. There 
exist many papers illustrating these two effects 
[74-78],  and theories of these processes have been 
outlined by various authors [19, 73, 75, 79, 80]. 

6.2. 1. Recoi/ implantations 
During primary recoils atoms are pushed a long 
way to the target. Their implantation profile f (x )  
was described in Section 3.2. These anisotropic 
displacements account for assymetric deformations 
of depth profiles over distances of the same order 
of magnitude as the range (x) of ions and recoiling 
atoms. 

The effect is illustrated in Fig. 18, which shows 
the distortion of the distribution of implanted 
boron in a silicon target introduced during further 

6.2.2. Cascade mixing 
During a cascade of secondary recoils, the dis- 
placed atoms migrate at random over short 
distances. This second effect of isotropic cascade 
mixing was put into equation by Andersen [75] 
and Carter [73 ]. Andersen considers atoms located 
in a plan parallel to the target surface at a depth x. 
Their initial of the Dirac-type distribution ~(x) is 
deformed into a Gaussian of full width A at 
half-maximum given by: 

A = 2Rn u2. (22) 

R is the mean free path of atoms with a low 
kinetic energy (near Ea) and n is the number of 
displacements of each atom before i{ is sputtered: 

Nd(E1) ~1 
S 4Ed n'an 

G • 
0.042aN (M1/M0a.(e,) 

(23) 

The widening A of the 6(x) function increases 
with the energy of incident ions E1 and the ratio 
M1/M2. For 1 keV argon ions, A is of the order of 
3 nm in silicium and 1 nm in copper or nickel [75]. 

Simulations already mentioned [26] of the 
sputtering of alternating layers of gold and 
platinum give comparable values of  ~, of the 
order of 2 nm (Fig. 19). In this case the alteration 
of the resolution is primarily due to cascade 
mixing since gold and platinum have nearly the 
same atomic mass, displacement energy and 
surface binding energy. 

6.3. Enhanced d i f fus ion 
In some cases, the deformation of a profile is too 
substantial to be attributed only to recoil implan- 
tations and cascade mixing. Moreover, the tail 
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increases with the bombardment  density, while 
the number of recoiling atoms depends only on 
the ion dose. Then the effect can be ascribed only 
to an enhanced diffusion of atoms induced by  
radiation defects [46, 66]. 

An example is the growth of  oxide films formed 
on a nickel surface when exposed to an oxygen 
partial pressure (10-Storr)  under increasing den- 

sities of  bombardment  by  argon ions (energy 
6 .6keV)  [46]. After a few minutes of  exposure 
to oxygen and simultaneous sputtering of  the 
surface, an equilibrium thickness of  the film is 
obtained. The profiles were determined by  SIMS 
under vacuum of  10-Ttorr and using a constant 
density of  bombardment  by 5 . 5  keV argon ions 
to sputter the different films (see Fig. 20). The 
knock-on effect (recoil implantat ion) is the same 
for all profiles (formed without bombardment) .  
We obtained the rather striking result that the 
thickness of  the oxide film increased with the 
bombardment  density, in spite of  the increasing 
number of oxygen atoms removed of  the surface 
by  sputtering. The enhanced diffusion of  oxygen 
was ascribed to an accumulation of  defects (inter- 
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Figure 20 Depth profiles of oxidized layers formed on a nickel target exposed to an oxygen pressure pO~ = 10 -s torr 
and simultaneously sputtered by increasing densities of 5.5 keV argon ions. Curve (0) - without bombardment. Curve 
(E) - density of bombardment ip = 0.05 #A mm-L Curve (D) - ip = 0.1/~A mm-L Curve (B) - ip = 3 ~A mm -2. All pro- 
files were obtained by SIMS with a constant density of bombardment b y  5.5 keV ions: ip = 3 pA rnm -2. 

1 2 8 4  



stitials or vacancies), which could not be elimin- 
ated during the interval of time between 2 
successive collision cascades in a same volume of 
the target, when this interval decreases. 

In other cases, the diffusion may facilitate the 
segregation of the matrix constituents [93] or of 
the implanted species at the surface [70]. 

6.4. Change in the superficial composition 
due to selective displacements of atoms 

In a binary system, the lighter species is prefer- 
entially sputtered. Kelly calculated that within 
the linear cascade regime, most of the effect is 
certainly due to selective displacements during 
primary collisions as for recoil implantation [39]. 

Numerous studies deal with this effect [81-92]. 
The first evidence of an altered composition of 
surfaces was obtained by Gillam [84], studying 
changes in the electronic diffraction patterns of 
Cu-Au and Pd-Ag alloys bombarded with He +, 
Ar + or Xe + ions: an increase of a factor 2 was 
observed for the superficial concentration of 
gold on a Cu3Au alloy sputtered by argon ions of 
0.4 to 4keV. Further examples were obtained 
using AES or Rutherford backscattering on 
Ag-Au, Cu-Au [81, 87, 91], A1-Cu [92], Pt-Si,  
Ni-Si, In-P,  Ge-Si [81,83] systems. 

The modification of the surface composition 
is the greater, the more the masses of atoms A 
and B differ. It depends also on the energy of ions. 
An altered layer is progressively formed of which 
thickness t is approximately the range of ions 
[81-84, 89]: about 1 nm for 0.5 keV argon ions 
and 4 nm for 2 keV argon ions in most alloys. After 
an interval of time corresponding approximately to 
the sputtering of a thickness t [83, 89], a steady- 
state composition of the surface set up. Once this 
steady-state is obtained, further sputtering of the 
altered layer induces a composition change in a 
layer of the same thickness. Thus the composition 
of the sputtered volume, of which are extracted 
the particles analysed in SIMS is that of the bulk. 
But the surface analysed in AES is changed. 

Since the composition of the sputtered volume 
is that of the bulk, the sputtering yields of both 
species S~B, S~B are proportional to the bulk 
concentration Cb A, Cb B during the steady-state: 

s) ,B  : sA c , : 

(24) 

in which SAB is the global sputtering yield of the 
target. 

On the other hand S~B is the product of the 
superficial concentration Cs A by the ejection 
probability pA of each atom A: 

= p c2, = p cs 

(2s) 

From Equations 24 and 25 it can be deduced that: 

e A c 2  
S•B - C~ - PB C~ (26) 

The modification of the surface composition is 
counterbalanced by the ratio of the ejection 
probabilities during the steady-state. 

Several authors [28, 81, 84] proposed the 
hypothesis that pA, pB are independent of the 
concentrations and equal to those in pure matrix 
A and B. Then their ratio pA/pB would be the 
ratio of elemental yield SA/SB:A B 

C~ A B _ CbSB 
- (27) 

Cs 

But there is evidence that the global sputtering 
yield SAB of alloys and those of each element 
S~B, S ~  may be larger than either elemental 
yield SA A, S~: for instance in Cu3Au [89, 91]. 
In such cases pA, pB are certainly dependent of 
the concentrations. It was clearly shown in 
Section 4 that the ejection probability of atoms 
is not determined by atomic parameters only 
but also by the properties of the matrix, which 
in some cases are very different from those of 
pure A and B. 

On the other hand, a question which is not 
resolved is the meaning of the determined concen- 
trations Cs A, Cs B, since the composition of the 
altered layer is heterogeneous in depth (almost 
within the linear cascade regime). For example, 
Liau et al. [81, 82] determined quantitatively 
the gradient of composition induced by an argon 
bombardment in a Pt-Si target (Fig. 21). The 
energies of argon ions used in these experiments 
are greater than the energy range used in sputter- 
ing experiments, but the interest is that the 
altered layers are thick enough to be quantitatively 
analysed by Rutherford backscattering of high- 
energy ions (1.9MeV 4He + ions). The reader 
should consult [1] for further details on this 
technique. 

Fig. 21 shows that the thickness of the altered 
layer increases with the energy of sputtering ions, 
and is of the order of their penetration depth. In 
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this particular case, no change in the composition 
of the outermost layers is observed when the 
energy of  argon ions varies between 10 and 
80 keV: the ratio of  the sputtering yields S~/S si 
and remains constant. But the altered layers do 
not have a constant composition in depth. 

The correction of  preferential sputtering effects 
in quantitative analysis of  sputtered surfaces by 
AES or XPS would need the knowledge of  this 
depth distribution, in order to calculate the 
emission and absorption coefficients of  electrons 
by each atomic layer. Theories have been outlined 
to calculate the change in the depth composition 
within the linear cascade [79, 80] or spike [42] 
regimes, but the only usable procedure for the 
correction of  AES or XPS data is the comparison 
of  the measured signals with those of  standards 
sputtered in the same conditions. 

Depth (nm) 

Figure 21 Steady-state Pt/Si concentzation profiles in 
altered layers formed on Pt-Si samples sputtered by 10, 
20, 40 and 80 keV argon ions. The profiles were obtained 
by the Rutherford backscattering technique using 
1.9 MeV 4He+ ions [81,82]. 

8 5 9  

N/O N~ M 
1852.7eV 

854.5eV I 

6.5. Change in the superficial composition 
due to a difference in the binding 
energy of atoms, Us 

The most volatile species is preferentially 
sputtered: for example, magnesium in alloys or 
oxygen in oxides [39]. Fig. 22 shows, for example, 

8 5 5  8 5 0  

E l e c t r o n  b ind ing  e n e r g y  (e V) 

Figure 22 X Photoelectron Spectra recorded on 
a NiO film 2pm thick, formed at 600~ on 
pure nickel. Curve (A) - after sputtering about 
10nm with 1 keV argon ions. Curve (B) - after 
an exposure of 100L to oxygen. Curve (A-B) - 
difference of the preceeding N(E) curves, 
putting into evidence the nickel metal peak. 
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the modifications of the Ni2p band observed on 
the XPS spectrum of a thick NiO film after a few 
minutes sputtering with 1 keV argon ions [99]. 
The peak at 852.7 eV corresponds to the binding 
energy of 2p3/2 electrons in the metal, suggesting 
the presence of an appreciable proportion of 
Ni-Ni bonds at the surface. This peak disappears 
after an exposure of  100L (1 Langmuir = 10 -6 
torr) to oxygen. 

In the case of insulating oxides the preponder- 
ant sputtering process might be a thermal spike 
rather than a collision cascade. Kelly [39] made 
an attempt to differentiate oxides in terms of 
their thermodynamic stability. Considering their 
respective free energy of dissociation &F ~ (i.e. 
their oxygen vapour pressure) in a range of tem- 
perature T =  3500 to 4500K, Kelly confirmed 
that: 

(a) Some oxides such as F%O4, Fe203, MOO2, 
CuO, CdO, are unstable at temperatures above 
3500K, and their surface is depleted in oxygen 
when bombarded by noble gas ions. 

(b) Other oxides, Such as Cr203, ffeO, ZnO, 
MnO, are stable and their surface is not depleted 
in oxygen. 

Exceptions are oxides such as NiO, PbO, TiO2 
which are unstable and show a bombardment- 
induced loss of oxygen when sputtered by some 
ions, but not for other bombarding species. 

The choice of an apparent temperature in the 
range 3500 to 4500K was made on the basis 
of a thermal spike model [15], but this process 
of dissipation of the incident energy must be 
considered as a radiolysis effect, similar to that 
observed under an electronic bombardment in 
AES [94, 95], rather than as a sputtering process. 
Radiolysis effects in titanium oxides under ionic 
and electronic bombardment were extensively 
studied by Mathieu e t  al. [94]. No satisfactory 
quantitative estimates of these effects can be 
made at present. 

7. Conclusion 
The theories of Lindhard and Sigmund do not 
take into account the structure of materials. 
However, they provide an interpretation for most 
of the observed phenomena: the influence of the 
atomic number, mass of ions and target atoms, 
the binding energy of atoms to the surface and 
the energy of ions on the sputtering yield and on 
alterations of  the surface composition. 

The peeling of the surface Of a !crystal one 

layer at a time is an unrealistic model, because 
of the microscopic rugosity induced by the 
bombardment, the cascade mixing of atomic 
layers, the recoil implantations and the diffusion 
of residual defects. However, these effects are 
minimized when using ions of low energy for 
sputtering. Nevertheless, these defects and the 
implantation of ions in the target must be con- 
sidered in fundamental studies of surface physical 
properties. 

Many authors have focused their attention on 
the errors in the experimentally determined com- 
position profiles resulting from the form of the 
sputtering relief, because this is a limiting factor 
in applied studies of thin films. We must 
emphasize the fact that tt~e distortions of most 
published profiles are due to experimental 
artefacts or to structural features of the films 
rather than to any intrinsic limits of the physical 
process used to determine the profile. The 
resolution is often affected by a Gaussian shape 
of the crater or by a misalignment of the ion beam 
[100]. The most elegant method for improving the 
depth resolution of profiles is not one based on 
correcting the profiles in terms of  a mathematical 
function describing the crater shape [100], but 
rather one based on optimizing the optics of the 
ion gun (appropriate scanning of the ion beam) 
or the exact method of collection of the particles 
to be analysed (additional lenses and diaphragms). 
Nevertheless, the morphology of films must be 
taken into account. For instance, polycrystalline 
films formed at high temperature on a surface 
(by vapour deposition , reaction with a gas or 
ion-coating, etc.) show microscopic heterogeneities 
of thickness corresponding to their grain size: 
these heterogeneities determine the apparent 
width of the interface between the film and the 
substrate deduced from sputtering profiles [101]. 
Porosity or cracks also affect the depth resolution 
since the atomic density of the film is locally 
changed. The rugosity due to the differential 
sputtering of grains may be diminished by using 
grazing ion bombardment or by sputtering the 
surface with heavy ions. 

However, the most limiting factor for electron 
spectrometry o n  sputtered surfaces is certainly 
the modification of their composition (and hence 
electronic structure) by the sputtering process. 
The extent of this modification cannot as yet be 
predicted quantitatively; it can only be checked 
by comparisons using homogeneous standards 
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sputtered with increasing doses of various types 
of ions, accelerated to a range of energies. 
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