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Effect of projectile parameters on charge state formation of sputtered atoms
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In the majority of the electron-exchange models, it is assumed that the charge state formation processes of
atoms sputtered~scattered! from a solid do not depend on projectile parameters. This means that an electronic
subsystem excitation produced by projectiles in the impact region does not affect on the ionization probability
P1 of ejected atoms. In the present work this basic assumption has been subjected to experimental examina-
tion. To study it the clean surface of a silicon sample was bombarded by the following atomic and molecular
projectiles: Al2 ions with the energy ofE059 and 18 keV; Au2 ions with E0518 keV; Al2

2 ions with E0

54.5 and 9 keV/atom. The kinetic energy distributionf (E) of sputtered Si1 ions were used to obtain infor-
mation onP1. It was found that the ionization probabilityP1 depends on the projectile parameters increasing
with the rise of energyE0 , massM0 , and the numberm of atoms in projectile. The results obtained are
discussed in the framework of the simple model in which the charge state formation occurs in the electron
exchange between the sputtered atom and a local surface area where the relaxation of the electronic subsystem
excited by the projectile impact takes place.

DOI: 10.1103/PhysRevB.66.195309 PACS number~s!: 79.20.Rf
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I. INTRODUCTION

It is well known that the bombardment of solids by ke
energy atomic projectiles leads to sputtering of particles
different charge states.1 The secondary atomic ion yield de
pends on species, the velocityn, and the escaping angleu of
the ejected particles, and the electronic structure of
surface.2 According to existing theoretical ideas, the ion fo
mation process is the atom-surface interaction. Using
‘‘wide-band model,’’ this interaction is considered either as
time-depended perturbation3–5 or as an electron-exchang
process between a valence level«a of the ejected atom and
the delocalized states of the metal.6–10 Usually an ionization
probability P1 in positive-ion emission is estimated by th
expression obtained in a quantum-mechanical treatment~the
zero-temperature limit! by Blandin, Nourtier, and None4 and
by Norskov and Lundqvist5 and by Brako and Newns:8

P15
2

p
exp~2pC1@ I 2w#/\gnz!exp~2pC2 /\gnz!

}exp~2n0 /nz!, ~1!

where n0 is the ionization parameter;C1 and C2 are con-
stants in a linear interpolation scheme, which accounts
the variation in the effective difference between the ioni
tion potentialI and the work functionw, as a sputtered atom
moves outward from the surface; 1/g is a characteristic deca
length;nz5n cosu is the normal component of the emissio
velocity; \ is Plank’s constant. For atoms sputtered fro
adsorbed layers on metallic surfaces~in this case the level«a
intersects the Fermi level«F of a solid on the distancez
;several Å from the surface!, the experimental dependenc
of P1 on the velocitynz , the angleu and the work function
w has been explained well by electron-tunneling model7,8

while the attempts to describe the ion emission from cle
0163-1829/2002/66~19!/195309~10!/$20.00 66 1953
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metal surfaces~when the level«a does not cross«F) have
met no success, or only very limited success.2

In models,3–10 it is assumed that the charge state form
tion processes do not depend on the projectile parame
@see Eq.~1!#. Strictly speaking, it does not correspond to t
sputtering reality, because the atom ejection is a resul
several many-body collisions in the subsurface region. W
atoms leaving a solid, they interact with the local surfa
area where both the electronic subsystem and the la
structure are perturbed by a continuing collision cascade

The analytical description of the charge state format
when the structural and electronic properties of the sput
ing region are changed in time is very complex and it s
has not been made. The computer simulations of this t
have been carried out by Sˇroubek et al.11 and Garrison
et al.12 for a limited number of atoms in a substrate. In R
11, for a cluster substrate consisting of five atoms, it w
shown that the velocity dependence ofP1 is much smaller
than the exponential dependence described by Eq.~1!. Using
larger number of atoms~up to 18!, in Ref. 12 was found tha
the velocity dependence ofP1 ranges from a power lawnn

dependence wheren is between 2 and 4 at smalln to an
exponential dependence on 1/nz when the interaction is
stronger.

The affect of the electronic excitation on the charge st
formation of sputtered atoms was considered analytically
Refs. 13–16. Invoking a combination of the wide-band str
ture and the collision effects, Nourtier, Jardin, and Quazz13

proposed the model, in which the sputtered atom is pus
by another atom, itself interacting with the rest of the solid
was shown that for the clean metal surface sputtering
ionization process due to the collision effect is similar
Landau-Zener mechanism~the interaction of atoms in the
quasimolecule!. This ionization process manifests itse
making the velocity dependence ofP1 ‘‘less’’ exponential
and ‘‘more’’ power-law-like.
©2002 The American Physical Society09-1
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In the nonequilibrium thermodynamic model o
Šroubek14–16 it was assumed that the electrons in the co
sion cascade region are excited to the empty energy sta«
above«F with a probability exp(2«/kBTe). The excitation is
described by ‘‘electronic temperatureTe’’ which is postu-
lated to be constant during the cascade collision evolu
(Te is not the real thermodynamic temperature; it charac
ises the nonequilibrium energy distribution of electrons n
the emission point!. So, as compared with the models,3–10

this approach considers the interaction of ejected atoms
the excited substrate. The ionization probabilityP1 of sput-
tered atoms is expressed as

P15expF«a~z0!2«F

kBTe
G , ~2!

where

z05
1

g
ln~2D0 /\gnz! ~3!

is the ‘‘freezing’’ distance10 which means that forz,z0
closer to the surface, the charge state is close to the equ
rium one and outside this region the electron exchang
being frozen out;D0 is the half width of the«a level at z
50; andkB is the Boltzmann constant. Equation~2! is for-
mally equivalent to those developed by Overboschet al.10

and by Brako and Newns8 ~the high-temperature limit! to
describe the ionization of the hyperthermal Na atoms s
tered by the externally heated tungsten substrate. The ve
ity dependence ofP1 is introduced in Eq.~2! through the
time variation of the atomic level«a(z0) at z0 @see Eq.~3!#.
In the assumption that«a(z) varies linearly from«a(0) to
«a(`) in distanceG21, Eq. ~2! leads to the power law ve
locity dependence ofP1:14

P1}nz
G c«a~0!2«a~`!b/gkBTe5nz

n . ~4!

The combined model of the ion formation included bo
the nonadiabatic process@see Eq.~1!# and electronic excita-
tion in the metal@see Eqs.~2!, ~4!# has been proposed i
Refs. 17, 18.

A comparison of Eqs.~1! and ~2! shows that each of the
models predicts different velocity dependencies ofP1. Ac-
cording to Eq.~1!, the dependence ofP1 on nz is strong and
ln P1 is a linear function of 1/nz . On the contrary, Eq.~2!
leads to the power law velocity dependence ofP1 which is a
much weaker than the dependenceP1(nz) described by Eq.
~1!. As was shown in Ref. 10, for copper sputtering, Eq.~2!
predicts a factor of 5 increase only in the secondary ion y
over an energy range from 4 to 40 eV.

One would think that the key parameter that will disti
guish these two alternative conceptions is the velocity dep
dence of P1. However, experimental examinations,
which, as a rule, the atomic ions with invariable paramet
were used as projectiles, did not permit us to distingu
clearly which theories are the most promising for furth
refinement. There are experimental evidences in suppo
both the strong velocity dependence ofP1 ~Refs. 19, 20! as
well as the weak one.21–23 This means that the effect of th
19530
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electronic subsystem excitation on the ionization probabi
P1 of sputtered atoms must be examined using some o
experimental approaches. The direct way for this exami
tion is the comparison of the kinetic energy distributions
neutral and ionized atoms sputtered from the same sampl
different projectiles with various parameters in identical e
perimental conditions using the methods of laser post ion
tion of sputtering neutral atoms and time-of-flight ma
spectrometry.24,25 However, until now, such experiment
have not been carried out and the question of ‘‘whether
electronic subsystem excitation affects the charge state
mation of sputtered atoms’’ is still under discussion.

At the same time, it is well known that the electron
excitation in solids produced by keV- and sub-keV-ener
atomic projectile and fast recoils plays an important role
phenomena such as kinetic ion-electron emission,26 multiply
charged ion emission,2 and emission of the metastable e
cited neutral atoms.27 In this case, the electronic excitation
manifest themselves as the vacancies in the inner shell o
atom2,26 or, for transition metals, asd-band holes.27 The ef-
ficiency of these excitations strongly depends on the exp
mental parameters in a given ‘‘projectile-solid’’ system~for
example, the incident energyE0 , incident angle, projectile
species and kind of solids!. In principal, the electronic exci-
tation may affect also the charge state formation of sputte
atoms if they leave the surface before the excitation is abl
relax.

In this context, it is important to know the relaxation tim
t of the electronic excitation in solids. The experimen
measurements28 and theoretical calculations29–31 show that
for the metals the relaxation time is estimated ast'1
310214– 1310213 s. In Ref. 27 the relaxation time o
d-band holes produced by the collision cascade was e
mated ast;10213 s. One could expect that for the semico
ductorst will not be less. It is important that the valuet
<t0 (t0;10212 s is the characteristic time of the casca
collision evolution2! and t is commensurable with the tim
t* 5z0 /nz which the sputtered atom moves from the surfa
to the ‘‘freezing’’distancez0 . So, the comparison of thet,
t0 and t* values shows clearly that the relaxation of t
electronic excitation must be taken into account if this ex
tation affects really on the charge state formation of sputte
atoms.

Recently, the effect of the electronic excitation on the io
ization probabilityP1 of atoms sputtered from metals by th
molecular projectiles was discovered experimentally.32 This
effect manifests itself as the enhancement ofP1 in going
from the atomic projectiles to the molecular ones. Howev
up to now most studies of a secondary ion emission h
been carried out when the atomic ions were used as pro
tiles. Therefore, it is interesting to study the effect of t
atomic projectile parameters onP1. Such a study may lead
to a better understanding of the charge state formation
cess and, hence, to the further development of the ch
state formation models.

The basic problem addressed in this work is a compa
tive study of the ionization probabilityP1 of the Si1 ions
sputtered from the same clean silicon surface by both
atomic and molecular projectiles with different paramete
9-2
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EFFECT OF PROJECTILE PARAMETERS ON CHARGE . . . PHYSICAL REVIEW B 66, 195309 ~2002!
The specific question is whether or not we observe a cha
of the velocity dependence ofP1 when the projectile param
eters are changed. The results obtained highlight the im
tant role of the electronic subsystem excitation in the cha
state formation of sputtered atoms. These results are
cussed in the framework of a simple model, in which t
charge state formation is considered as the electron exch
between the sputtered atom and a local surface area w
the relaxation of the electronic subsystem excited by the p
jectile impact takes place.

II. EXPERIMENTAL

The experimental SIMS instrument used in this work h
been described earlier in detail.33 To study the secondary io
emission under the atomic and molecular ion bombardm
a modified standard magnetic sector mass spectrometer
equipped with negative Alm

2 and Aum
2 cluster ion sources,34 a

primary ion column, a target assembly and a secondary
optical system. The column included a mass separator an
ion optical system for primary ions. In the experiments, Am

2

(m51,2) and Au2 projectiles with energies of 9, 18 keV ar
incident on the target at 45° to the target normal. The curr
density j of the projectiles had a typical value ofj
;1026 A/cm2. The detected secondary Si1 ions are emitted
at an angle of 0° with respect to the target normal.

Monocrystalline silicon was chosen as a target. The s
cific resistancer of this metal-like semiconductor sample
r57 V cm. To obtain a clean Si sample, it was heated
several hours up to a temperature of about 1400 K and it
then cleaned by the subsequent Al2 or Au2 ion bombard-
ment. The yields of SiO1 molecular ions sputtered from th
Si surface by Al2 or Au2 projectiles were controlled befor
and after the cleaning procedure. The yields were obse
to drop by more than two orders of magnitude after
cleaning procedure was applied. Since the probability
chemical reactions increases on a hot solid surface, we
lieve that this drop in the SiO1 yield indicates a correspond
ing decrease in the oxygen concentration on the silicon
face. The target surface prepared in such a way was belie
to be a ‘‘clean surface.’’ During the measurements the te
perature of the Si target was 1400 K and under work
conditions the residual pressure did not exceed the valu
131025 Pa. the kinetic energy distributions of the secon
ary Si1 ions were studied by a variation of accelerating vo
age U over the range6300 V relative toU52000 V. In
order to determine the energy resolution of the SIMS ins
ment, the kinetic energy distributions of alkaline metal io
~Na, K, and Cs! evaporated from the heated Si surface w
measured in the absence of the primary ion beam. The m
sured full width at half maximum~FWHM! resolution was
5.5 eV. The transmission of the measuring instrument a
function of the secondary ion energyE was not determined
because the comparison of the kinetic energy distribution
Si1 ions sputtered from the same sample by various pro
tiles was the main aim of this work.
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III. RESULTS

The kinetic energy distributionsf 1(E,u) are very charac-
teristic for the secondary ion emission. The attempts to
tract from functionsf 1(E,u) various data about the respe
tive element concentrations in the subsurface layers
solids,23 the binding energies of sputtered atoms,35 and the
charge state formation mechanism of atoms sputtered f
different samples19–23are well known. Information related to
the effect of the electronic subsystem excitation produced
projectiles in solids on the ionization probabilityP1 of sput-
tered atoms can be obtained from distributionsf 1(E,u) also.
In our previous work32 such an approach was applied for th
analysis of energy distributionsf m(E,u) of Nb1 and Ta1

ions sputtered from niobium and tantalum targets, resp
tively, by atomic and molecular projectiles of Aum

2 (m
51 – 3) with an energy of 6 keV/atom. Briefly this metho
can be described as follows. As a general practice,1 the en-
ergy distributionf 1(E,u) for atomic ions is defined accord
ing to

f 1~E,u!5F1~E,u!P1~E,u!. ~5!

HereF1(E,u) is the energy distribution of the neutral atom
sputtered from the solid by the atomic projectiles a
P1(E,u) is the ionization probability. For the incident en
ergy E0;several keV,F1(E,u) is described well by Sig-
mund’s isotropic cascade sputtering theory36

F1~E,u!}
E

~E1U0!3 cosu. ~6!

The functionF1(E,u) depends on the surface binding ener
U0 , the kinetic energyE, and the escape angleu of the
emitted atoms and it does not depend on species, the inci
energyE0 , and the angle of projectiles. So, Eq.~5!, after the
substitution of experimental distributionsf 1(E,u) and calcu-
lated F1(E,u), can provide information on the velocity de
pendence ofP1.

A special case is the bombardment of a sample by m
lecular projectiles. In comparison with the atomic bomba
ment, the molecular bombardment, as a rule, results i
greater yield of sputtered particles per atom of the project
in other words, in nonadditive sputtering.37 Nonadditive
sputtering is described by the nonadditive factorK2,1
5Yn,2/2Yn,1 , whereYn,2 andYn,1 are the yields ofn-atomic
particles~in our casen51) sputtered by the molecular an
atomic projectiles, respectively, with the same projectile
locity. It is well known that, as compared with atomic io
bombardment of metals, the molecular bombardment res
in the enrichment of the energy distributionF2(E,u) by the
low-energy atoms while the higher energy part of this dis
bution does not practically change.38 In this connection, we
assume that the same result will be also valid for silic
sputtering. In other words, the distributionF2(E,u) for the
molecular bombardment does not change over the en
rangeE.3 eV as compared with that for the atomic bom
bardment@F1(E,u)5F2(E,u)#. In the interpretation we ten
tatively assume the validity of Eq.~5! also in the case relate
to the molecular ion bombardment.
9-3
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BELYKH, PALITSIN, ADRIAENS, AND ADAMS PHYSICAL REVIEW B 66, 195309 ~2002!
The energy distributions of Si1 ions sputtered from a
clean silicon surface by Al2 and Al2

2 projectiles with the
energies ofE059 and 18 keV as well as by Au2 projectiles
with an energy ofE0518 keV were used as the distribution
f 1(E,u) and f 2(E,u). For our experiments the emissio
angleu50. To calculate the distributionF1(E,u) according
to Eq. ~6! the value ofU053 eV was used.

The various forms of the velocity dependence of lnP1

5ln$f1(E,u)/F1(E,u)% were examined. The results obtaine
are plotted in Figs. 1, 2, 3, and 4. These data were groupe
following pairs: Fig. 1, Al2(18 keV) and Au2(18 keV); Fig.
2, Al2(9 keV) and Al2

2(18 keV); Fig. 3, Al2(9 keV) and
Al2(18 keV); and Fig. 4, Al2

2(9 keV) and Al2
2(18 keV).

Within the studied velocity range@5.2– 14.43105 cm/s# the
dependencies lnP1 on 1/nz are approximated satisfactoril
by the straight lines. This evidences that the charge s
formation of the Si1 atoms sputtered by both the atomic a
molecular projectiles is described by the exponential fu
tion of P1 on 1/nz . The slopes of straight lines are equal
the values ofn0 and characterize the efficiency of the ele
tron exchange process: the smallern0 is the higherP1 be-
comes. For convenience of the comparison, these re
were plotted in the arbitrary units and the values of lnP1 at
the larger velocities (nz→`) were set equal to 1. The value

FIG. 1. The natural logarithm of the ionization probabilityP1

vs vz
21 for atomic Si1 ions sputtered from the silicon target by th

Al2 and Au2 projectiles with the energy ofE0518 keV.

FIG. 2. The natural logarithm of the ionization probabilityP1

vs vz
21 for atomic Si1 ions sputtered from the silicon target by th

Al2 and Al2
2 projectiles with the same energy ofE0

59 keV/atom.
19530
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of n03104(m s21) are equal to 0.46660.003 for
Au2(18 keV), 0.78460.004 for Al2

2(18 keV), 0.827
60.004 for Al2(18 keV), 0.91060.006 for Al2

2(9 keV),
and 0.98460.004 for Al2(9 keV), respectively. From thes
data it can be extracted the following features.

The comparison of results presented in Figs. 1–4 sho
the difference in the values ofn0 when the parameters o
projectiles are changed.

For the Al2 and Au2 projectiles with the energy ofE0
518 keV, the ionization probabilityP1 enhances with the
increase of the projectile massM ~see Fig. 1!. The ratio of
the n0 values is equal ton0(Al218 keV):n0(Au218 keV)
51.77.

For the same velocity of Al2 and Al2
2 projectiles, the

value of P1 increases in going from the atomic bombar
ment to the molecular bombardment~see Fig. 2!. The ratio of
n0 is equal ton0(Al29 keV):n0(Au2

218 keV)51.25.
For the Al2 projectiles with energies ofE059 and 18

keV, P1 increases with the rise ofE0 ~see Fig. 3!. In this
case the ratio ofn0 is less:n0(Al29 keV):n0(Al218 keV)
51.19.

The bombardment of silicon by the molecular projectil
with energies ofE054.5 and 9 keV/atom leads to the chan
of n0 ~see Fig. 4!: n0(Al2

29 keV):n0(Al2
218 keV)'1.16.

FIG. 3. The natural logarithm of the ionization probabilityP1

vs vz
21 for atomic Si1 ions sputtered from the silicon target by th

Al2 projectiles with the energies ofE059 and 18 keV.

FIG. 4. The natural logarithm of the ionization probabilityP1

vs vz
21 for atomic Si1 ions sputtered from the silicon target by th

Al2
2 projectiles with the energy ofE054.5 and 9 keV/atom.
9-4
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EFFECT OF PROJECTILE PARAMETERS ON CHARGE . . . PHYSICAL REVIEW B 66, 195309 ~2002!
The results presented in Figs. 1–4 show clearly that
ionization probabilityP1 enhances when the mass, ener
and number of atoms in the projectiles increase. This
hancement depends also on the velocitynz of sputtered Si1

ions: for smaller velocitiesnz the ratio of P1 becomes
higher.

For the molecular ion bombardment the latter conclus
can be also obtained in another way. The knowledge of
energy distributionsf 1(E,u) and f 2(E,u) of Si1 ions makes
it possible to establish a relation between non-additive s
tering and the energyE of sputtered particles. The quantita
tive characteristic of this relation can be defined as the
ferential nonadditive factor25 k2,15 f 2(E,)/2 f 1(E,) which is
equal to the ratio of the yields of sputtered Si1 ions with a
given energyE per atom of the projectile. The nonadditiv
factor K2,1 and the differential nonadditive factork2,1 are
connected with each other by the simple relationK2,1

51/(Emax2Emin) *Emin

Emaxk1,2(E)dE. Data about ofK2,1 can be

found in Ref. 40 where the study of nonadditive sputter
under the bombardment of silicon by the molecular proj
tiles of the heavy and light elements has been carried ou

The dependencek2,1(E) within the energy range ofE (3
,E,30 eV) is presented in Fig. 5. The curvek2,1(E) has a
maximum value ofkmax53.8 atE53 eV and then decrease
monotonously withE, reaching the valuekmin53.1 at E
530 eV. This result shows that the molecular Al2

2 ion bom-
bardment of the clean silicon surface leads to the increas
the ionization probabilityP1 of sputtered atoms, especial
of atoms with the low energy ofE. The same conclusion wa
made in Ref. 32 from an analysis of energy distributions
Nb1 and Ta1 ions sputtered from niobium and tantalum ta
gets by atomic and molecular Aum

2 projectiles (m51 – 3)
with an energy of 6 keV/atom.

Thus, the experimental results of the present work de
onstrate that the basic assumption of electron-excha
models3–10 related to the independence of the charge s
formation process of sputtered atoms on the projectile
rameters does not correspond to the reality when the c
solid surface is sputtered. The ionization probabilityP1 de-
pends on the projectile parameters increasing with the ris

FIG. 5. Differential nonadditive factork2,1 vs the kinetic energy
E of sputtered Si1 ions. The dependencek2,1(E) was calculated
using the kinetic energy distributions of sputtered Si1 ions mea-
sured under the bombardment of the silicon target by atomic2

and molecular Al2
2 projectiles with the energy of 9 keV/atom.
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the mass and the energy of atomic projectiles as well a
going from the atomic projectiles to the molecular ones. F
the studied velocity range, the increase inP1 manifests itself
for both the small and large velocities of sputtered atom
being more pronounced for the small velocity interval. T
degree of the alteration ofP1 depends on the individua
features of the interaction in a given ‘‘projectile-solid’’ sys
tem. The velocity dependence ofP1 is approximated by the
exponential function on 1/nz .

IV. MODEL AND DISCUSSION

According to Eq.~1!, the ionization probabilityP1 de-
pends on the characteristics of the ejected atoms~the ioniza-
tion potentialI, the velocitynz , and the escape angleu! and
on electronic structure of the solid surface~the work function
w!. For sputtered Si1 ions, each of dependencies lnP1 on
1/nz ~see Figs. 1–4! corresponds to the same values ofI and
u and the same range ofnz . Hence, the change inP1 must
be connected with the alteration of the electronic proper
of a local surface area from which the Si1 ion emission
occurs. The electronic properties of the local surface a
should be considered rather than the work function beca
w is an integral characteristic of the macroscopic surface a
and it does not characterize the microscopic nature of
charge state formation process. The change of electr
properties is caused by the electronic subsystem excita
resulting from the ion bombardment of a solid.

The electronic excitations within the collision cascade
gion can be a result of two mechanisms. In the first mec
nism, the inelastic collisions between fast moving and i
movable Si atoms produce the vacancies in inner shell~s! of
Si atoms. The vacancy decay leads to the electron emis
or/and the generation of electron-hole pairs in the vale
and conduction bands.2 In the second mechanism, the proje
tile and the fast moving target recoil atoms interact with t
valence band electrons, transferring some part of their kin
energy into the electronic subsystem. As a result electr
hole pairs are created in the valence and conduction b
also.27 The appearance of nonoccupied levels below
Fermi level«F opens an additional channel for the electr
exchange. It may result in an increase ofP1 due to the
electron tunnelling from the sputtered atoms to the nonoc
pied levels if these atoms leave the surface before nono
pied levels are able to relax. The contribution of an ad
tional channel of the electron exchange in the secondary
emission from the adsorbed layers on metallic surface
small but it may become significant when the clean so
surfaces are sputtered.13

Let us consider the simple model in which the char
state formation occurs in the electron exchange between
sputtered atom and a local surface area where the relaxa
of the electronic subsystem excited by projectile imp
takes place. Following Sˇroubek,14–16the electronic excitation
in the substrate will be described also in terms of the el
tronic temperatureTe . However, we will suppose thatTe is
not constant during the collision cascade evolution andTe
relaxes to the equilibrium temperatureT. To express the ion-
ization probabilityP1, we make the following assumptions
9-5
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When the clean solid surface is sputtered, the electr
hole pairs generated by projectile and fast recoil atoms
several subsurface layers of a solid play the main role in
interaction between the ejected atoms and the surface.
holes created into a bulk far away from the surface do
participate in this interaction. It is assumed also that
electron-hole pairs are generated into subsurface layers
ing the initial stage of the collision cascade.

When the electron-hole generation into the subsurf
layers is stopped~this moment is determined ast50), the
excited state of the electronic subsystem corresponds to
stationary nonequilibrium electron energy distributionf e at
the electronic temperatureTe . Later on the collisions be
tween electrons as well as the direct electron-hole recom
nation lead to the relaxation of the excitation so thatf e as-
pires to the equilibrium electron distributionf F ( f F is the
Fermi function! at the temperatureT>0.

The simplest assumption related to the relaxation proc
is that the restoration velocity of the equilibrium is propo
tional to the deviation (f t2 f F) of function f t from the equi-
librium

] f 1

]t
52~ f t2 f F!

1

t
, ~7!

wheref t is the nonequilibrium electron energy distribution
the momentt andt (t.0) is the relaxation time. In Eq.~7!
the sign ‘‘2’’ shows that the excited electronic subsyste
aspires to the equilibrium. Asf F'1 at T>0 and«,m, the
solution of Eq.~7! can be expressed as

12 f t5~12 f e!expS 2
t

t D , ~8!

where (12 f t) and (12 f e) are the nonequilibrium hole en
ergy distributions at the momentt andt50, respectively. The
kind of functionsf t and f e is unknown. Therefore, as a roug
approximation,f t and f e will be represented by the Ferm
functions at the temperaturesTt andTe , respectively. Then,
Eq. ~8! is rewritten as

expS «2«F

kBTt
D5expS «2«F

kBTe
DexpS 2

t

t D . ~9!

Here we taken into account that«,«F and «F2«.kBTe .
Equation~9! gives the relation between temperaturesTt and
Te :

1

Tt
5

1

Te
1

tkB

t~«F2«!
. ~10!

According to Ref. 14–16, for a given ‘‘projectile-solid
system and a constant value ofTe , the ionization probability
P1 @see Eqs.~2! and ~3!# depends only on the atomic leve
energy «a at the ‘‘freezing’’ distancez0 . However, if the
relaxation of the electronic excitation exists and the rel
ation time t,t0 , the electronic temperatureTt of a local
surface area from which the secondary ion emission oc
is decreased quickly in time@see Eq.~10!#. In this case,
P1 must depend both on the timet* 5z0 /nz
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5(1/nzg)ln(2D0 /\gnz) that the sputtered atom moves fro
the surface (z50) to the distancez0 and the emission time
ts . The emission timets (0,ts,t0) is defined as the time a
sputtered atom starts from the surface. So, the moment, w
the charge state is formed mainly ist5ts1t* . In other
words, the sputtered atoms have both the velocity distri
tion and the frequency distribution of the emission times a
when these atoms achieve the distancez0 , they ‘‘match’’ the
different temperatureTt of the local surface area. For th
given value ofts , the quick atoms ‘‘match’’ higher tempera
turesTt while the slow atoms ‘‘match’’ lower values ofTt .
This feature must be reflected in the final expression forP1.
In connection with it, let us express Eq.~2! as

P15expS «a~z0!2«F

kBTt
D . ~11!

The dependence«a(z) may be approximated roughly b
different ways. One of them is a linear function of«a on z
that is valid whenD exp(2g/G),\gnz,D.14 Inserting Eq.
~10! and a linear approximation of«a(z) in Eq. ~11! and
taking into account that«a(0)>«F52w ~for sputtering of a
clean solid surface! and «a(`)52 l ~these energies bein
counted from the vacuum level!, the velocity dependence o
P1 can be expressed as

P15expS «a~z0!2«F

kBTe
2

t

t D
5expS «a~0!2«F

kBTe
DexpS @«a~`!2«a~0!#Gz0

kBTe
2

ts1t*

t D
>expH 2F ~ I 2w!Gz0

kBTe
1S ts1

z0

nz
D 1

t G J . ~12!

The competition between two terms in an exponent of E
~12! determines the kind of the velocity dependence ofP1.
When (ts1z0 /nz)1/t!(I 2w)Gz0 /kBTe , P1 is described
by the power law function onnz and it coincides with the
result obtained by Sˇroubek14 @see Eq.~4!#. This inequality is
valid in the following two cases:

~i! The relaxation timet is large (t@t0) that corresponds
to the absence of the relaxation process in a substrate.

~ii ! The velocitynz of the sputtered atom is large and th
emission timets is small. This corresponds to the moment
the charge state formation when the electronic excitation
far away from its complete relaxation.

The inequality (ts1z0 /nz)(1/t)@(I 2w)Gz0 /kBTe leads
to P1'0. It corresponds to ‘‘instant relaxation’’ (t'0) of
the electronic excitation when the model14–16is inapplicable.

For (ts1z0 /nz)(1/t)'(I 2w)Gz0 /kBTe the charge state
of sputtered atom is formed when the electronic excitat
has decreased by the relaxation process. In this case
velocity dependence ofP1 can be expressed by the exp
nential function on 1/nz . To do it, Eq.~12! must be averaged
on all values of the emission timets . As a result of thets

averaging, we will obtain the ionization probabilityP1(T̄t)
whereT̄t is the average temperature under which the cha
state of atoms sputtered with the given velocitynz is formed.
9-6
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The frequency distributionG of emission timests for all
sputtered atoms was calculated using molecular dynam
simulations for 5 keV Ar1 bombardment of a Cu surface.39

This distribution is approximated well by the functio
G(ts)5( t̄ s)

22 exp(2ts/ t̄s)ts, where t̄ s is the most probable
emission time. The dependence ofG(ts) on nz is introduced
through the timet̄ s(nz). Taking into account the dependen
of G(ts), Eq. ~12! can be rewritten as

P1~ T̄t!5 t̄ s
22 expF2S ~ I 2w!Gz0

kBTe
1

z0

nzt
D G

3E
0

`

exp~2ts /t!exp~2ts / t̄ s!tsdts

5~t/t1 t̄ s!
2 expF2S ~ I 2w!Gz0

kBTe
1

z0

nzt
D G

5~t/t1 t̄ s!
2 expF2S ~ I 2w!Gz0

kBT* D G
5~t/t1 t̄ s!

2 expS 2
n0~nz ,T* !

nz
D . ~13!

HereT* is the temperature at the timet5t* andn0(nz ,T* )
is the function ofT* andnz :

n0~nz ,T* !5
~ I 2w!Gz0nz

kBT*
. ~14!

Thus, Eq.~12! describes the velocity dependence ofP1.
The consideration of the relaxation process at the large
ues oft andnz leads to the power law dependence ofP1 on
nz while the decrease oft andnz makes the velocity depen
dence ofP1 ‘‘less’’ power-law-like and ‘‘more’’ exponential.
Equation~13! shows that thets averaging procedure leads
the ionization probabilityP1(T̄t) which is equal toP1(T* )
diminished by a factor (t/t1 t̄ s)

2.
Within the studied velocity range the experimental velo

ity dependencies ofP1 are approximated by exponenti
functions @P1} exp(2n0 /nz)# where n0 is a constant de-
pended on the projectile parameters~see Figs. 1–4!. Suppos-
ing n0(nz ,T* )5n0 and combining Eqs.~3!, ~11!, and ~13!,
we obtain the relation between the average temperaturT̄t
andnz :

T̄t5
~ I 2w!G ln~2D0 /\gnz!

kBgS 2 lnS 11
t̄ s

t
D 1

n0

nz
D . ~15!

Equation~15! does not allow us to estimate the temperat
T̄t due to an uncertainty in the value ofG @G is the charac-
teristic distance where«a(G)52I ].

The quantitative estimation ofT̄t is possible using the
other approximation of«a(z). For clean metal-like silicon
sputtering,«a(z) can be well approximated for largerz by
the image charge energy14
19530
cs

l-

-

e

«a~z!5«a~`!1e2/4z, ~16!

wheree is the electron charge. The studied velocity range
the Si1 ions corresponds to the ‘‘freezing’’ distance range
(3.03– 3.85)31028 cm. These values ofz0 are commensu-
rable with the atomic distance and it gives a basis for the
of Eq. ~16!. Inserting Eqs.~3!, ~10!, and~16! in Eq. ~11! and
averaging on all values ofts , we obtain again the exponen
tial dependence ofP1 on 1/nz :

P1~ T̄t!5S t

t1 t̄ s
D 2

expF 2S I 2w2
e2

4z0

kBTe

1
z0

nzt
D G

5S t

t1 t̄ s
D 2

expF 2S I 2w2
e2

4z0

kBT*
D G

5S t

t1 t̄ s
D 2

expS 2
n0~nz ,T* !

nz
D , ~17!

wheren0(nz ,T* ) is the function ofnz andT* :

n0~nz ,T* !5

S I 2w2
e2

4z0
D nz

kBT*
. ~18!

Supposingn0(nz ,T* )5n0 and combining Eqs.~11! and
~17!, as it was made earlier, we obtain the relation betwe
T̄t andnz in the other form:

T̄t5

I 2w2
e2g

4 ln~2D0 /\gnz!

kBF2 lnS 11
t̄ s

t
D 1

n0

nz
G . ~19!

Using Eq.~19!, the dependencies of the temperatureT̄t on
nz has been calculated for all studied ‘‘projectile-solid’’ sy
tems. The velocity dependence oft̄ s in the form of t̄ s(nz)
5 t̄ * (nmax/nz)

1/2 was introduced in Eq.~19!. Here t̄ * is the
most probable emission time fornz5nmax51.43106 cm/s
andnz is the velocity within the studied velocity range. Th
dependence was determined from the comparison of the
peraturesTe calculated for various magnitudes ofnz . The
typical values of theg,2 D0 ,2 t̄ s ,39 and t ~Refs. 28–31!
parameters (g51.253108 cm21; 2D055 eV; t̄ * ;2.5
310213 s; andt55310214 s) were used. The depende
cies of the temperatureT̄t on nz show in Fig. 6. One can se
the following features.

The temperatureT̄t increases with the rise ofnz . At nz

55.23105 cm/s the typical values ofT̄t are near 4000–4800
K while at nz51.43106 cm/s these ones are near 5400
6000 K.

Along of all studied ‘‘projectile-solid’’ systems, for the
given value ofnz the more largeT̄t is observed when the
9-7
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Au2 ions with the energy ofE0518 keV are used as projec
tiles. These results can be explained in the framework of
proposed model.

The resonant transfer of an electron from the sputte
atom to a solid is possible if the energy level of the vacan
in the valence band coincides with the atomic level«a . For
the studied velocity range,«a(z0) is located below«F @«F
2«a(z0)52 – 2.6 eV#. In this case, in accordance with E
~19!, the charge state formation process can take place a

high value of T̄t only. On the contrary, if«a(z0)'«F ~it
corresponds to sputtering of atoms from adsorbed layers
metallic surfaces!, the ionization process is possible atT
'0 K.

The efficiency of the charge state formation process
pends on both the electron-hole generation produced by
ion bombardment into the subsurface layers of a substr
the relaxation of this excitation as well as the kinemat
characteristics of atoms moved outward of the surface. In
experiment, the various projectiles bombarded the same
con sample and the sputtered Si1 ions have been detecte
with the same kinematics characteristics. So, assuming
the relaxation timet depends only on the electronic prope
ties of the substrate and it does not depend on proje
parameters, we must conclude that the Au2 projectiles pro-
duce the much strong electronic excitation. This excitati
and, as a consequence,Te are determined by the inelast
energy losses of projectiles and fast recoils moving inside
collision cascade region. According to the mechanism,2 the
more effective formation of vacancies in inner shell~s! of the
target atoms is produced due to the symmetrical Si-S
Al-Si atom collisions. In the mechanisms,26,27,42 the main
factor responsible for the generation of the electron-h
pairs is the velocity of moving particle. However, th
Au2-Si collisions are not symmetrical and, for a given e
ergy E0 , the Au2 projectiles have the less velocity as com
pared with the velocity of both the Al2 projectiles and the S
recoils. Hence, the Au2 projectiles are not effective for th
direct generation of the electronic excitation. In this conte
the difference in the electronic excitation produced by he
(Au2) and light (Al2 and Al2

2) projectiles may be con
nected with the peculiarities of a projectile penetration int

FIG. 6. The calculated dependencies of the average temper

T̄t on the velocityvz of sputtered Si1 ions for various ‘‘projectile-
solid’’ systems.
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silicon lattice.40,41 Due to the great cross section of th
Au2-Si collisions the projectile energyE0 is basically trans-
ferred to the Si atoms within several subsurface layers le
ing to the effective electronic excitation and the more stro
effect of this excitation onP1. In opposite, the cross sectio
of the Al2-Si collisions is small and the Al2 projectiles pen-
etrate deeper into a lattice so that their energyE0 is depos-
ited, in general, far away from the surface. In this case,
compared to the Au2 ion bombardment, the effect of th
electronic excitation onP1 is decreased. Bombardment b
the Al22 molecular projectiles may lead to the formation
the ‘‘impact’’ region with the modified property40,41 where
the energy density deposited by constituent atoms of the
lecular projectiles is higher as compared with the atomic A2

projectile. However, the effect of nonadditive interaction
the electronic excitation within several subsurface layers w
be small. The constituent atoms of the light molecular p
jectile are scattered effectively and do not move togethe
the substrate (MAl'MSi) as compared to the atoms of hea
molecular projectile (MAu@MSi). Moreover, an excited re
gion is not located near the surface. These factors must
crease the energy density deposited by Al2

2 projectiles into
subsurface layers of the silicon target and, therefore, the
ficiency of the electronic excitation. Thus, the electronic su
system excitation and, hence, the ionization probabilityP1

of sputtered atoms must depend on the energy density de
ited by the projectile within several subsurface layers of
substrate.

As it can see from Figs. 1–4, when the projectile para
eters are changed, the alteration inP1 is more pronounced
for the atoms sputtered with the small velocity. With th
increase ofnz , the ‘‘freezing’’ distancez0 and the timet*
5z0 /nz are decreased and the atomic level«(z0) moves to
Fermi level«F . In this case the relaxation of the electron
excitation does not decrease essentially the hole numbe
the energy range near«F and the effect of the relaxation
process onP1 is not large. On the contrary, the decrease
nz leads to the increase of both the distancez0 and the time
t* and the level«(z0) moves away from«F . The effect of
the relaxation process onP1 is become large because th
hole number in the energy range far away from«F are de-
creased strongly. Using Eq.~17!, the dependence o
ln(P1

1/P2
1) on nz can be expressed as

ln
P1

1

P2
1 5

n022n01

nz
, ~20!

wheren02 andn01 are the ionization parameters related to t
different ‘‘projectile-solid’’ systems. Thus, within the ap
proach considered here, the value of ln(P1

1/P2
1) is increased

with the decrease ofnz . The dependence of ln(P1
1/P2

1) on
nz

21 obtained from the data in Fig. 5 is plotted in Fig. 7. It
seen that the experimental dependence is satisfactorily
scribed by the linear function.

V. CONCLUDING REMARKS

In the present work the assumption used in the majority
the electron-exchange models and related to the inde

ure
9-8
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EFFECT OF PROJECTILE PARAMETERS ON CHARGE . . . PHYSICAL REVIEW B 66, 195309 ~2002!
dence of the charge state formation process of sputtere
oms on projectile parameters has been subjected to ex
mental examination. To study it the clean silicon surface
been bombarded by the atomic (Al2,Au2) and molecular
(Al2

2) projectiles with different incident energies. The k
netic energy distributionf (E) of the secondary Si1 ions
were measured to obtain information on the ionization pr
ability P1 of sputtered atoms. The main result obtained
the experimental demonstration of the effect of projectile
rameters onP1. It was found that, for a studied velocit
range,P1 is increased with the rise of the mass and
energy of projectiles as well as with the number of atoms
projectile. The increase inP1 with the change of the projec
tile parameters manifests itself for both small and large
locities of sputtered atoms, being more pronounced
smaller velocities. The degree of the alteration ofP1 de-
pends on the individual features of the interaction in a giv
‘‘projectile-solid’’ system. As compared with the Al2 ~9
keV!, Al2 ~18 keV!, Al2

2 ~9 keV!, and Al2
2 ~18 keV! ion

bombardment, the Au2 ~18 keV! ion bombardment leads t
larger values ofP1. Thus, these results evidence that t
assumption related to the independence of the charge
formation process of sputtered atoms on the projectile
rameters does not correspond to the clean silicon sur
sputtering. It has been found that for all studied ‘‘projecti
solid’’ systems the velocity dependence ofP1 is approxi-
mated by the exponential function on the inverse veloc

FIG. 7. Differential nonadditive factork2,1 natural logarithm vs
vz

21 for sputtered Si1 ions.
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1/nz . An analysis of results shown that the change inP1 is
connected with the electronic subsystem excitation produ
by projectiles in several subsurface layers of a solid. A
result of this excitation the electron-hole pairs appear in
valence and conduction bands in the subsurface silicon
gion. The appearance of nonoccupied levels below Fe
level «F opens an additional channel for the electron e
change. It may result in an increase ofP1 due to the reso-
nant transfer of electrons from sputtered atoms into non
cupied levels if these atoms leave the surface bef
nonoccupied levels are able to relax.

A simple model was proposed in which the charge st
formation occurs in the electron exchange between the s
tered atom and a local surface area where the relaxatio
the electronic subsystem excited by the projectile imp
takes place. In spite of the rough approximation of noneq
librium energy distributionsf e and f t , this model permit to
explain the main results of the present work. It describ
different kind of the velocity dependence ofP1 predicting
the exponential dependence ofP1 on 1/nz at the small val-
ues of the relaxation timet and/or the velocitynz of sput-
tered atoms. The increase oft and/ornz make the velocity
dependence ofP1 ‘‘less’’ exponential and ‘‘more’’ power-
law-like.

Future studies of the effect of the relaxed electronic s
system excitation on the ionization probability of sputter
atoms will allow to obtain a better understanding of t
charge state formation process and, hence, to the furthe
velopment of charge state formation models. It is import
that the results obtained are useful from an applied poin
view. They indicate the way for the improvement of th
SIMS analysis sensitivity due to the selection of both t
‘‘projectile-solid’’ system and the correspondent project
parameters lead to the increase of the secondary atomic
yield.
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