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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 sputtere(scatteregifrom 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
P* 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: Al" ions with the energy oEy,=9 and 18 keV; Au ions with Eq=18 keV; Al, ions with E,
=4.5 and 9 keV/atom. The kinetic energy distributit(E) of sputtered Si ions were used to obtain infor-
mation onP ™. It was found that the ionization probabili§* depends on the projectile parameters increasing
with the rise of energye,, massMg, and the numbem 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.
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I. INTRODUCTION metal surfaceswhen the levele, does not crosgg) have

met no success, or only very limited succéss.

It is well known that the bombardment of solids by keV  In models>~Cit is assumed that the charge state forma-
energy atomic projectiles leads to sputtering of particles irtion processes do not depend on the projectile parameters
different charge statesThe secondary atomic ion yield de- [see Eq(1)]. Strictly speaking, it does not correspond to the
pends on species, the velocityand the escaping angieof  sputtering reality, because the atom ejection is a result of
the ejected particles, and the electronic structure of th@eyeral many-body collisions in the subsurface region. When
surface? According to existing theoretical ideas, the ion for- atoms leaving a solid, they interact with the local surface

mation process is the atom-surface interaction. USiNg @rea where both the electronic subsystem and the lattice
“wide-band model,” this interaction is considered either as a

ime-d ded batide | h structure are perturbed by a continuing collision cascade.
time-depended perturbation or as an electron-exc angé  The analytical description of the charge state formation
process between a valence leggl of the ejected atom and

the delocalized states of the metat® Usually an ionization yvhen the structural and .elelctron.ic properties of the sputt_er—
probability P* in positive-ion emiséion is estimated by the ing region are changed in time is very complex and it still

expression obtained in a quantum-mechanical treatittieat Ea\s; nobt bﬁen rrr;la oclie. T?ebgf(ggufr ts'Tllfla“:;SGOfrrtih'sntaSk
zero-temperature limitoy Blandin, Nourtier, and Nofeand ~ '2V€ Peen carried out byraibek €t al.= a arrso

by Norskov and Lundqvigtand by Brako and Newrs: et al*? for a limited number of atoms in a substrate. In Ref.
' 11, for a cluster substrate consisting of five atoms, it was

shown that the velocity dependenceRf is much smaller
than the exponential dependence described byHBqgUsing
larger number of atom@ip to 18, in Ref. 12 was found that
the velocity dependence &f" ranges from a power law"
dependence where is between 2 and 4 at small to an
exponential dependence onwvl/when the interaction is
where v, is the ionization parametef}; and C, are con-  stronger.

stants in a linear interpolation scheme, which accounts for The affect of the electronic excitation on the charge state
the variation in the effective difference between the ionizaformation of sputtered atoms was considered analytically in
tion potentiall and the work functiorp, as a sputtered atom Refs. 13—16. Invoking a combination of the wide-band struc-
moves outward from the surfacelis a characteristic decay ture and the collision effects, Nourtier, Jardin, and Qu&zza
length; v,= v cosé is the normal component of the emission proposed the model, in which the sputtered atom is pushed
velocity; # is Plank's constant. For atoms sputtered fromby another atom, itself interacting with the rest of the solid. It

2
P+=;exr(— wCy[l — @)l yv,)exy— wCylhyv,)

D

cexp —volv,),

adsorbed layers on metallic surfagesthis case the level,
intersects the Fermi levelg of a solid on the distance

was shown that for the clean metal surface sputtering the
ionization process due to the collision effect is similar to

~several A from the surfagethe experimental dependence Landau-Zener mechanisiithe interaction of atoms in the

of P" on the velocityr,, the angled and the work function
¢ has been explained well by electron-tunneling madtfels

quasimoleculg This ionization process manifests itself,
making the velocity dependence Bff “less” exponential

while the attempts to describe the ion emission from clearand “more” power-law-like.
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_ Inthe nonequilibrium thermodynamic model of electronic subsystem excitation on the ionization probability
Sroubek*~*®it was assumed that the electrons in the colli-P* of sputtered atoms must be examined using some other
sion cascade region are excited to the empty energy statesexperimental approaches. The direct way for this examina-
aboveeg with a probability exp{-s/kgT,). The excitation is  tion is the comparison of the kinetic energy distributions of
described by “electronic temperatui®,” which is postu-  neutral and ionized atoms sputtered from the same sample by
lated to be constant during the cascade collision evolutionifferent projectiles with various parameters in identical ex-
(Te is not the real thermodynamic temperature; it characterperimental conditions using the methods of laser post ioniza-
ises the nonequilibrium energy distribution of electrons neation of sputtering neutral atoms and time-of-flight mass
the emission point So, as compared with the modéis?  spectrometry*2®> However, until now, such experiments
this approach considers the interaction of ejected atoms withave not been carried out and the question of “whether the
the excited substrate. The ionization probabifty of sput-  electronic subsystem excitation affects the charge state for-
tered atoms is expressed as mation of sputtered atoms” is still under discussion.
At the same time, it is well known that the electronic
P+:exp{8a(20)_8F 2 excitation in solids produced by keV- and sub-keV-energy
kgTe atomic projectile and fast recoils plays an important role in
phenomena such as kinetic ion-electron emis$ianuiltiply
charged ion emissiohand emission of the metastable ex-
1 cited neutral atom$’ In this case, the electronic excitations
2o=—1In(2Aq /1 yv,) (3  manifest themselves as the vacancies in the inner shell of the
Y aton?%® or, for transition metals, ad-band holeg’ The ef-
is the “freezing” distanc&® which means that foz<z, ficiency of these excitations strongly depends on the experi-
closer to the surface, the charge state is close to the equilifitental parameters in a given “projectile-solid” systefor
rium one and outside this region the electron exchange i§Xample, the incident enerdy,, incident angle, projectile
being frozen outA, is the half width of thee, level atz ~ SPecies and kind of solidisin principal, the electronic exci-
=0; andkg is the Boltzmann constant. Equati¢®) is for- tation may affect also the charge state format!on_of ;puttered
mally equivalent to those developed by Overbosttal® atoms if they leave the surface before the excitation is able to
and by Brako and Newfisthe high-temperature linitto ~ relax. - o o
describe the ionization of the hyperthermal Na atoms scat- !N this context, it is important to know the relaxation time
tered by the externally heated tungsten substrate. The velog-Of the electronic excitation in solids. The experimental
ity dependence oP* is introduced in Eq/(2) through the measurements and theoretical galculfitlo?% show that
time variation of the atomic level,(z,) atz, [see Eq(3)]. for the metals the relaxation time is estimated as1

— 14 —13 ; ;
In the assumption that,(z) varies linearly frome,(0) to <10 "=1x10""s. In Ref. 27 the relaxation time of
£4() in distancel' "%, Eq. (2) leads to the power law ve- d-band holes produced by the collision cascade was esti-

where

locity dependence o *: mated ag~10 **s. One could expect that for the semicon-
ductors 7 will not be less. It is important that the value
p+o<V£J8a<°>*£a<°o)l’7kBTe: W @ <ty (to~ 10 2 s is the characteristic time of the cascade

collision evolutio) and 7 is commensurable with the time
The combined model of the ion formation included botht* =z,/v, which the sputtered atom moves from the surface
the nonadiabatic procegsee Eq.(1)] and electronic excita- to the “freezing”distancez,. So, the comparison of the
tion in the metal[see Eqgs(2), (4)] has been proposed in t, andt* values shows clearly that the relaxation of the
Refs. 17, 18. electronic excitation must be taken into account if this exci-
A comparison of Egs(1) and(2) shows that each of the tation affects really on the charge state formation of sputtered
models predicts different velocity dependenciesPdf. Ac-  atoms.
cording to Eq(1), the dependence &* on v, is strong and Recently, the effect of the electronic excitation on the ion-
InP* is a linear function of 1,. On the contrary, Eq(2)  ization probabilityP* of atoms sputtered from metals by the
leads to the power law velocity dependencédfwhichisa  molecular projectiles was discovered experiment#liyhis
much weaker than the dependerité(v,) described by Eq. effect manifests itself as the enhancementPdf in going
(1). As was shown in Ref. 10, for copper sputtering, E2).  from the atomic projectiles to the molecular ones. However,
predicts a factor of 5 increase only in the secondary ion yieldip to now most studies of a secondary ion emission have
over an energy range from 4 to 40 eV. been carried out when the atomic ions were used as projec-
One would think that the key parameter that will distin- tiles. Therefore, it is interesting to study the effect of the
guish these two alternative conceptions is the velocity deperatomic projectile parameters dh'. Such a study may lead
dence of P*. However, experimental examinations, in to a better understanding of the charge state formation pro-
which, as a rule, the atomic ions with invariable parametergess and, hence, to the further development of the charge
were used as projectiles, did not permit us to distinguiststate formation models.
clearly which theories are the most promising for further The basic problem addressed in this work is a compara-
refinement. There are experimental evidences in support dive study of the ionization probabilit " of the Si" ions
both the strong velocity dependenceRf (Refs. 19, 2Das  sputtered from the same clean silicon surface by both the
well as the weak on&~2*This means that the effect of the atomic and molecular projectiles with different parameters.
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The specific question is whether or not we observe a change . RESULTS
of the velocity dependence &' when the projectile param-
eters are changed. The results obtained highlight the imp0|E;ar

tant role of the electronic subsystem excitation in the Charg,‘f‘ract from functionsf,(E, 6) various data about the respec-
state formation of sputtered atoms. These results are digye element concentrations in the subsurface layers of
cussed in the framework of a simple model, in which thesolids,z3 the binding energies of sputtered atofagnd the
charge state formation is considered as the electron exchanggarge state formation mechanism of atoms sputtered from
between the sputtered atom and a local surface area Wheggiferent sample’S~>*are well known. Information related to
the relaxation of the electronic subsystem excited by the prothe effect of the electronic subsystem excitation produced by
jectile impact takes place. projectiles in solids on the ionization probabil®/ of sput-

tered atoms can be obtained from distributiép&E, 0) also.

In our previous worf such an approach was applied for the

Il. EXPERIMENTAL analysis of energy distribution§,(E,6) of Nb™ and Ta

) . . . ions sputtered from niobium and tantalum targets, respec-
The experimental SIMS instrument used in this work has[ively by atomic and molecular projectiles of Au(m

been described earlier in detéilTo study the secondary ion _ 1-3) with an energy of 6 keV/atom. Briefly this method
emissip_n under the atomic a_nd molecular ion bombardmen[,)an be described as follows. As a general pra&titt&a en-

a modified standard magnetic sector mass spectrometer Wafyy distributionf,(E, ) for atomic ions is defined accord-
equipped with negative Al and Ay, cluster ion source¥, a ing to

primary ion column, a target assembly and a secondary ion

optical system. The column included a mass separator and an f1(E,0)=F,(E,0)P"(E,¥0). (5)
ion optical system for primary ions. In the experiments, Al
(m=1,2) and Au projectiles with energies of 9, 18 keV are

The kinetic energy distribution§, (E, #) are very charac-
istic for the secondary ion emission. The attempts to ex-

HereF4(E, 6) is the energy distribution of the neutral atoms
N N sputtered from the solid by the atomic projectiles and
|nC|d(_ant on the target ‘f"t 4_5 to the target n_ormal. The c_urrenﬁ,+(E,9) is the ionization probability. For the incident en-
densltgj of the projectiles had a Q’F?,'Ca' value of  orqy E ~several keV,F4(E,6) is described well by Sig-
~10"% Alen?. The Qetected secondary'Sns are emitted  ,1nd's isotropic cascade sputtering thébry
at an angle of 0° with respect to the target normal.

Monocrystalline silicon was chosen as a target. The spe- E
cific resistance of this metal-like semiconductor sample is Fi(E,0)x (E+—U)30030' (6)
p=7Q cm. To obtain a clean Si sample, it was heated for 0
several hours up to a temperature of about 1400 K and it washe functionF,(E, #) depends on the surface binding energy
then cleaned by the subsequent Adr Au~ ion bombard- Ug, the kinetic energyE, and the escape angie of the
ment. The yields of Si® molecular ions sputtered from the emitted atoms and it does not depend on species, the incident
Si surface by AT or Au™ projectiles were controlled before €nergyEq, and the angle of projectiles. So, E§), after the
and after the cleaning procedure. The yields were observegtbstitution of experimental distributiorig(E, #) and calcu-
to drop by more than two orders of magnitude after thelatedF;(E,0), can provide information on the velocity de-
cleaning procedure was applied. Since the probability oPendence oP™.
chemical reactions increases on a hot solid surface, we be- A special case is the bombardment of a sample by mo-
lieve that this drop in the SiOyield indicates a correspond- 1€cular projectiles. In comparison with the atomic bombard-
ing decrease in the oxygen concentration on the silicon sufM€Nt: the molecular bombardment, as a rule, results in a

face. The target surface prepared in such a way was believe%eater yield of sputtered particles per atom of the projectile,

to be a “clean surface.” During the measurements the temy” other words, in nonadditive sputterifig.Nonadditive

. . sputtering is described by the nonadditive factid
perature of the Si target was 1400 K and under workin =pYn ZIZY? .. whereY, , and¥(n  are the yields oh—aton%ié
conditions the residual pressure did not exceed the value of_ ™ o ' '

R C articles(in our casen=1) sputtered by the molecular and
1x 10 ° Pa. the kinetic energy distributions of the second—% ( ) SP y

. . o , atomic projectiles, respectively, with the same projectile ve-
ary Si" ions were studied by a variation of accelerating V°|t'locity. It is well known that, as compared with atomic ion

age U over the range+300 V relative toU=2000V. In  pompardment of metals, the molecular bombardment results
order to determine the energy resolution of the SIMS instruip the enrichment of the energy distributi&n(E, ) by the
ment, the kinetiC energy diStributionS Of alkaline metal ions|ow-energy atoms while the h|gher energy part of this distri-
(Na, K, and Cs evaporated from the heated Si surface werepution does not practically chang®In this connection, we
measured in the absence of the primary ion beam. The meassume that the same result will be also valid for silicon
sured full width at half maximuntFWHM) resolution was  sputtering. In other words, the distributiéiy(E, 8) for the

5.5 eV. The transmission of the measuring instrument as eolecular bombardment does not change over the energy
function of the secondary ion energywas not determined rangeE>3 eV as compared with that for the atomic bom-
because the comparison of the kinetic energy distributions dbardmenfF,(E, ) =F,(E, §)]. In the interpretation we ten-
Si* ions sputtered from the same sample by various projectatively assume the validity of E5) also in the case related
tiles was the main aim of this work. to the molecular ion bombardment.
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FIG. 1. The natural logarithm of the ionization probabilfy Fl(l?' 3. The natural logarithm of the ionization probabilRey

vsv; * for atomic Si" ions sputtered from the silicon target by the vSv, - for atomic Si” ions sputtered from the silicon target by the

Al~ and Au" projectiles with the energy df,= 18 keV. Al projectiles with the energies &,=9 and 18 keV.

The energy distributions of Siions sputtered from a of vgX 10*(ms™') are equal to 0.4660.003 for
clean silicon surface by Al and Al, projectiles with the Au~ (18 keV), 0.784:0.004 for AL (18keV), 0.827
energies oEy=9 and 18 keV as well as by Auprojectiles  *=0.004 for Al (18 keV), 0.91@:0.006 for Al (9 keV),
with an energy oE,= 18 keV were used as the distributions and 0.984- 0.004 for Al (9 keV), respectively. From these
f1(E,0) and f,(E,#). For our experiments the emission data it can be extracted the following features.
angle 6=0. To calculate the distributioR,(E, #) according The comparison of results presented in Figs. 1-4 shows
to Eq. (6) the value ofU,=3 eV was used. the difference in the values af, when the parameters of

The various forms of the velocity dependence oPIh  projectiles are changed.
=In{f,(E,0)/F,(E,6)} were examined. The results obtained For the AI" and Au  projectiles with the energy oEg
are plotted in Figs. 1, 2, 3, and 4. These data were grouped is 18 keV, the ionization probabilityP* enhances with the
following pairs: Fig. 1, Al' (18 keV) and Au (18 keV); Fig.  increase of the projectile mads (see Fig. 1 The ratio of
2, AlI"(9keV) and Al (18 keV); Fig. 3, Al (9keV) and the v, values is equal tavg(Al™ 18 keV):vo(Au~ 18 keV)

Al (18 keV); and Fig. 4, AJ(9keV) and AL (18keV). =1.77.

Within the studied velocity rangl5.2—14.4< 10° cm/s] the For the same velocity of Al and Al, projectiles, the
dependencies IR* on 1k, are approximated satisfactorily value of P increases in going from the atomic bombard-
by the straight lines. This evidences that the charge stat@ent to the molecular bombardmeésee Fig. 2 The ratio of
formation of the Si atoms sputtered by both the atomic and v is equal tovy(Al~9 keV):vo(Au;, 18 keV)=1.25.
molecular projectiles is described by the exponential func- For the Al" projectiles with energies oEy;=9 and 18
tion of P on 1/v,. The slopes of straight lines are equal tokeV, P* increases with the rise d, (see Fig. 3. In this
the values ofyy and characterize the efficiency of the elec-case the ratio ol is less: vg(Al~9 keV):vo(Al~ 18 keV)
tron exchange process: the smaligris the higherP™ be-  =1.19.

comes. For convenience of the comparison, these results The bombardment of silicon by the molecular projectiles
were plotted in the arbitrary units and the values dPfhat  with energies o£,=4.5 and 9 keV/atom leads to the change
the larger velocitiesif,— ) were set equal to 1. The values of v, (see Fig. & v(Al; 9 keV):vo(Al, 18 keV)~1.16.

00p..., . 0.0k, )
05} T y PYY 1
N %ﬁ .
e SN ] B 1op - 1
%y, B £ 0"“&)\?51
ASp A AL (18keV)->Si o e | A AL(18KkeV)->Si Teon.
® Al{SkeV)—>Si a. -1.5 2 A ]
20 e © Al (9keV)—>Si o
“0.0 05 1.0 15 20 20 . . .
v," (10%s/m) 0.0 05 1.0 15 20

v," (10”s/m)
FIG. 2. The natural logarithm of the ionization probabilRy
vs v, * for atomic Si" ions sputtered from the silicon target by the ~ FIG. 4. The natural logarithm of the ionization probabilly
Al” and AL projectiles with the same energy oE, vs v, * for atomic Si ions sputtered from the silicon target by the
=9 keV/atom. Al projectiles with the energy d,=4.5 and 9 keV/atom.
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- T y - T the mass and the energy of atomic projectiles as well as in
1 going from the atomic projectiles to the molecular ones. For
a the studied velocity range, the increasé®in manifests itself

. for both the small and large velocities of sputtered atoms,
) being more pronounced for the small velocity interval. The

1 degree of the alteration dP* depends on the individual
features of the interaction in a given “projectile-solid” sys-
tem. The velocity dependence Bf" is approximated by the

exponential function on 1j.

»
=)

w
=)
T

differential non-additive factor k, ,
w
Ll
L]

5 10 15 20 25 30

kinetic energy E (eV) IV. MODEL AND DISCUSSION

According to Eq.(1), the ionization probabilityP™ de-
pends on the characteristics of the ejected attihmesioniza-
tion potentiall, the velocityv,, and the escape angt and
on electronic structure of the solid surfatiee work function
¢). For sputtered Si ions, each of dependenciesRi on
1/v, (see Figs. 1-Hcorresponds to the same valued a@ind

The results presented in Figs. 1-4 show clearly that thé and the same range of. Hence, the change iR™ must
ionization probabilityP* enhances when the mass, energy,Pe connected with the alteration of the electronic properties
and number of atoms in the projectiles increase. This enf @ local surface area from which the*Sion emission

hancement depends also on the veloeifyof sputtered Si  occurs. The electronic properties of the local surface area

higher. @ is an integral characteristic of the macroscopic surface area

For the molecular ion bombardment the latter conclusiord it does not characterize the microscopic nature of the
can be also obtained in another way. The knowledge of théharge state formation process. The change of electronic
energy distributions (E, §) andf,(E, ¢) of Si* ions makes Properties is caused by the electronic subsystem excitation
it possible to establish a relation between non-additive sputtesulting from the ion bombardment of a solid.
tering and the energf of sputtered particles. The quantita- _ 1Ne electronic excitations within the collision cascade re-
tive characteristic of this relation can be defined as the difgion can be a result of two mechanisms. In the first mecha-
ferential nonadditive factdt k, ;= f,(E,)/2f,(E,) which is  Nism, the inelastic collisions between fast moving and im-
equal to the ratio of the yields of sputtered" Sons with a ~ Movable Si atoms produce the vacancies in inner Shelf
given energyE per atom of the projectile. The nonadditive Si atoms. The vacancy decay leads to the_ ele_ctron emission
factor K,, and the differential nonadditive factds, , are or/and the g_eneratlon of electron-hole pairs in the vallence
connected with each other by the simple relatiss j[",‘lnd codn?#ct;ontban(fgn tthe s?condllrn(?[chanl_sin, th? pfgﬁﬁ'
_ Emax ’ ile and the fast moving target recoil atoms interact wi e
= V(B ma—Bmin) [ (ks AB)dE. Data about oKpycanbe o000 ang electrons, transferring some part of their kinetic
found in Ref. 40 where the study of nonadditive sputteringenergy into the electronic subsystem. As a result electron-
under the bombardment of silicon by the molecular projechole pairs are created in the valence and conduction band
tiles of the heavy and light elements has been carried out. 31so0?” The appearance of nonoccupied levels below the

The dependenck; (E) within the energy range df (3  Fermi levelsr opens an additional channel for the electron
<E<30eV) is presented in Fig. 5. The curke,(E) hasa exchange. It may result in an increase Rf due to the
maximum value ok,,,=3.8 atE=3 eV and then decreases electron tunnelling from the sputtered atoms to the nonoccu-
monotonously withE, reaching the valuk.,;;=3.1 atE  pjed levels if these atoms leave the surface before nonoccu-
=30 eV. This result shows that the moleculag, Abn bom-  pied levels are able to relax. The contribution of an addi-
bardment of the clean silicon surface leads to the increase ifional channel of the electron exchange in the secondary ion
the ionization probabilityP™ of sputtered atoms, especially emission from the adsorbed layers on metallic surfaces is
of atoms with the low energy d&. The same conclusion was small but it may become significant when the clean solid
made in Ref. 32 from an analysis of energy distributions ofsurfaces are sputteréd.

Nb*™ and T& ions sputtered from niobium and tantalum tar-  Let us consider the simple model in which the charge
gets by atomic and molecular Auprojectiles (n=1-3)  state formation occurs in the electron exchange between the
with an energy of 6 keV/atom. sputtered atom and a local surface area where the relaxation

Thus, the experimental results of the present work demef the electronic subsystem excited by projectile impact
onstrate that the basic assumption of electron-exchangakes place. FollowingrBubek!*~*°the electronic excitation
model$~° related to the independence of the charge statén the substrate will be described also in terms of the elec-
formation process of sputtered atoms on the projectile patronic temperaturd .. However, we will suppose thdt, is
rameters does not correspond to the reality when the cleamot constant during the collision cascade evolution &@pd
solid surface is sputtered. The ionization probabiRty de-  relaxes to the equilibrium temperatufeTo express the ion-
pends on the projectile parameters increasing with the rise azation probabilityP ™, we make the following assumptions.

FIG. 5. Differential nonadditive factdk;, ; vs the kinetic energy
E of sputtered Si ions. The dependende, ;(E) was calculated
using the kinetic energy distributions of sputtered $ns mea-
sured under the bombardment of the silicon target by atomic Al
and molecular A] projectiles with the energy of 9 keV/atom.
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When the clean solid surface is sputtered, the electron=(1/v,y)In(2A,/hyv,) that the sputtered atom moves from
hole pairs generated by projectile and fast recoil atoms intéhe surface £=0) to the distance, and the emission time
several subsurface layers of a solid play the main role in the¢,. The emission timeg (0<t.<t,) is defined as the time a
interaction between the ejected atoms and the surface. Ttgputtered atom starts from the surface. So, the moment, when
holes created into a bulk far away from the surface do nothe charge state is formed mainly is=t;+t*. In other
participate in this interaction. It is assumed also that thewords, the sputtered atoms have both the velocity distribu-
electron-hole pairs are generated into subsurface layers duien and the frequency distribution of the emission times and,
ing the initial stage of the collision cascade. when these atoms achieve the distangethey “match” the

When the electron-hole generation into the subsurfacéifferent temperaturdl; of the local surface area. For the
layers is stoppedthis moment is determined as=0), the  given value oftg, the quick atoms “match” higher tempera-
excited state of the electronic subsystem corresponds to tharesT, while the slow atoms “match” lower values df, .
stationary nonequilibrium electron energy distributinat ~ This feature must be reflected in the final expressiorPfor
the electronic temperatur€,. Later on the collisions be- In connection with it, let us express E@®) as
tween electrons as well as the direct electron-hole recombi-
nation lead to the relaxation of the excitation so thags- P+ %Sa(zo)—&)
pires to the equilibrium electron distributioi (fg is the kgT;

Fermi function at the temperatur&=0.

The simplest assumption related to the relaxation process The dependence,(z) may be approximated roughly by
is that the restoration velocity of the equilibrium is propor- different ways. One of them is a linear function ©f on z
tional to the deviationf,— f¢) of functionf, from the equi- that is valid whenA exp(~y/T)<fyr,<A.** Inserting Eq.

(11)

librium (10) and a linear approximation of,(z) in Eqg. (11) and
taking into account that,(0)=¢= — ¢ (for sputtering of a

afy 1 clean solid surfageand £,()=—1 (these energies being

ot (fe=Tr) T (M) counted from the vacuum levyekhe velocity dependence of

. S o P* can be expressed as
wheref, is the nonequilibrium electron energy distribution at

the moment and 7 (7>0) is the relaxation time. In Eq7) N ea(zg)—ep t
the sign “—" shows that the excited electronic subsystem P :eXF{W_ ;)
aspires to the equilibrium. Ac~1 atT=0 ande<u, the
solution of Eq.(7) can be expressed as B F{Sa(o)—SF) F{[8a(°°)—8a(0)]rzo ts+t*
t —ex kBTe ex kBTe T
l—ft=(1—fe)exp<——>, (8) |— o)z 7.\ 1
T EEX[{— %‘F('[{FV—Z);H. (12)

where (1-f,) and (1—f.) are the nonequilibrium hole en-
ergy distributions at the momenandt =0, respectively. The The competition between two terms in an exponent of Eq.
kind of functionsf, andf, is unknown. Therefore, as a rough (12) determines the kind of the velocity dependencé6t
approximation,f; and f, will be represented by the Fermi \when ¢ +zy/v,)1/7<(l —¢)Tzy/ksTo, P* is described
functions at the temperaturds andT,, respectively. Then, py the power law function onv, and it coincides with the

Eq. (8) is rewritten as result obtained by ®ubek* [see Eq(4)]. This inequality is
valid in the following two cases:
ex;{ e—ep =ex;< e—&f exp( B E) 9 (i) The relaxation timer is large (r>t) that corresponds
keTt keTe T to the absence of the relaxation process in a substrate.

(ii) The velocityv, of the sputtered atom is large and the
emission timeg is small. This corresponds to the moment of
the charge state formation when the electronic excitation is
far away from its complete relaxation.

1 1 tkg Trle inequality {s+ zolvz)(l/r)>(| —<p)1“zq/kBTe leads
7= T—+ —_—. (100 to PT=0. It corre_qunds to “instant relax_atllon"r(%O) of
t Te 7(er—e) the electronic excitation when the motfef'®is inapplicable.

For (ts+2zo/v,) (L)~ (1 — )25/ kT, the charge state
of sputtered atom is formed when the electronic excitation
has decreased by the relaxation process. In this case, the
velocity dependence dP* can be expressed by the expo-
nential function on I#,. To do it, Eq.(12) must be averaged

Here we taken into account that<er and eg—e>kgT,.
Equation(9) gives the relation between temperatufgsand
Te:

According to Ref. 14-16, for a given “projectile-solid”
system and a constant valueTf, the ionization probability
P* [see Eqgs(2) and(3)] depends only on the atomic level
energye, at the “freezing” distancez,. However, if the
relaxation of the electronic excitation exists and the relax . :
ation time 7<ty, the electronic temperaturg; of a local on all values of the emission timig. As a result of thet,

surface area from which the secondary ion emission occurdveraging, we will obtain the ionization probabiliy* (T,)

is decreased quickly in timgsee Eq.(10)]. In this case, whereT, is the average temperature under which the charge
P™ must depend both on the timet*=z,/v, state of atoms sputtered with the given veloaityis formed.
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The frequency distributiorG of emission timest for all ea(2)=g,(°)+e%/4z, (16)

sputtered atoms was calculated using molecular dynamics ) i )
simulations for 5 keV AF bombardment of a Cu surfad®,  Whereeis the electron charge. The studied velocity range of

This distribution is approximated well by the function the Si" ions corresponds to the “freezing” distance range of

N T — . (3.03—-3.85Kx 10" 8 cm. These values dof, are commensu-
G(ts) =(t5) “exp(~ts/ty)ts, wherets is the most probable rable with the atomic distance and it gives a basis for the use

emission time. T_he dependence®fts) on v, is introduced of Eq. (16). Inserting Eqs(3), (10), and(16) in Eq. (11) and
through the timet (v,). Taking into account the dependence ayeraging on all values df,, we obtain again the exponen-
of G(ts), Eq. (12 can be rewritten as tial dependence oP* on 1k,:

— — l—p) Tz, z I 2
P*(Tt)ztszex;{—<—( ?) °+—°) |— o
kgTe V2T _ T 2 4z,  Zg
. P (To=|——=| exgf -\ ———+—
xJ exp( —ts/7)exp —ts/to)tdts THis - KgTe V2T
0 -
(I-)T I ¢
- —@)lZy 2o 2 e —
=(7l7+t 2ex;{—(—+—) T 4z
( S) kBTe v,T = — exp — ?*O
T+t L B
:( / +t_)2ex — m °
T s kgT* T 2 vo(v,, T%)
=| ——| exg ———|, 17
— vo(v,, T* T+t v
:(T/T+ts)2eX[{ — —0( 217) . (13 ) s _ ’
z wherevy(v,,T*) is the function ofy, and T*:
HereT* is the temperature at the time-t* andvy(v,,T*) e2
is the function ofT* andv,: (l—cp— ENAC
0
vo(v,,T*)= (19
oy (=@l 2o7, y o kaT"
vo(vz, T°)= kgT* (14 Supposingvg(v,,T*)=v, and combining Eqgs(11) and

(17), as it was made earlier, we obtain the relation between

Thus, Eq.(12) describes the velocity dependenceRof. f and v, in the other form:
The consideration of the relaxation process at the large val-

ues ofrandwv, leads to the power law dependencerof on e’y

v, while the decrease af and v, makes the velocity depen- _ == 41n(2A4/hyv,)

dence ofP* “less” power-law-like and “more” exponential. T= — : (19
Equation(13) shows that thés averaging procedure leads to ke 2 In| 1+ ts + Yo

the ionization probabilityP* (T,) which is equal taP*(T*) T/ Yz

diminished by a factor €/ 7+ tg)2.

Within the studied velocity range the experimental veloc- L e L
. . T . . v, has been calculated for all studied “projectile-solid” sys-
ity dependencies oP™ are approximated by exponential

functions [P** exp(—o/1,)] where v, is a constant de- tems. The velocity dependence ©f in the form of tg(v,)

pended on the projectile parametésee Figs. 1-% Suppos- = by (Vmax/»)Y? was introduced in Eq(19). Heret, is the
ing vo(v,,T*)= vy and combining Eqgs(3), (11), and (132 most probable emission time far,= vy,,=1.4x10° cm/s

we obtain the relation between the average temperdaiyre and v, is the velocity with_in the studied velocity range. This
andv,: dependence was determined from the comparison of the tem-

peraturesT, calculated for various magnitudes of. The
typical values of they,> Ay, ts,% and 7 (Refs. 28-31

Using Eq.(19), the dependencies of the temperafliy®n

— (I=@)l'In(2A¢ /i yv,)

t T v (15 para[nlgters 4=1.25x 1(_)Blfm*1; 2A0=5eV; t,~25
kBy(Z In 1+7 +- X10"*s; and7=5X10"""s) were used. The dependen-
z cies of the temperaturg, on v, show in Fig. 6. One can see
Equation(15) does not allow us to estimate the temperaturethe following features.
T, due to an uncertainty in the value Bf[I is the charac- The temperaturd; increases with the rise of,. At v,
teristic distance where,(I")=—1]. =5.2X10° cm/s the typical values df, are near 4000—4800

The quantitative estimation Gf, is possible using the K while at v,=1.4x10° cm/s these ones are near 5400
other approximation of,(z). For clean metal-like silicon 6000 K. . o _
sputtering,e,(z) can be well approximated for largerby Along of all studied “projectile-solid” systems, for the
the image charge enertfy given value ofv, the more largerT, is observed when the
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6o00f — %] silicon lattice?®*! Due to the great cross section of the
7 - Au™ -Si collisions the projectile enerdy, is basically trans-
5500 e ﬁm,ﬁ:o-ﬁ ] ferred to the Si atoms within several subsurface layers lead-
~ . ﬁyﬁ”} - ing to the effective electronic excitation and the more strong
- v v .o effect of this excitation ofP ™. In opposite, the cross section
X so0op - ﬁﬁ;ﬁfﬂ" —y— Au(18keV) | of the AI™-Si collisions is small and the Al projectiles pen-
= ) oS —&— Al(18keV) etrate deeper into a lattice so that their enefgyis depos-
4500 & s —0—Al(9keV) 1 ited, in general, far away from the surface. In this case, as
d —O— Al(18keV) compared to the Au ion bombardment, the effect of the
a000l ¥ —0—Al(9keV) | electronic excitation ofP™ is decreased. Bombardment by
4 6 8 10 12 14 16 the Al,_ molecular projectiles may lead to the fglrmation of
v, (10° mis) the “impact” region with the modified propert{*! where

the energy density deposited by constituent atoms of the mo-
FIG. 6. The calculated dependencies of the average temperatutecular projectiles is higher as compared with the atomic Al
T, on the velocityv, of sputtered Si ions for various “projectile- ~ Projectile. However, the effect of nonadditive interaction on
solid” systems. the electronic excitation within several subsurface layers will
be small. The constituent atoms of the light molecular pro-
. ) ) jectile are scattered effectively and do not move together in
Au” ions with the energy oEo=18 keV are used as projec- ihe substrateNl y~Ms) as compared to the atoms of heavy
tiles. These results can be explained in the framework of the,;1ecular projectile K ,,>Mg). Moreover, an excited re-
proposed model. ion is not located near the surface. These factors must de-
The resonant transfer of an electron from the Sputtere&rease the energy density deposited by Afojectiles into
gtom 1o a solid Is p053|.ble. If the energy Ievel_ of the vacancy hsurface layers of the silicon target and, therefore, the ef-
in the V?'ence ba_nd coincides W'_th the atomic levgl For ficiency of the electronic excitation. Thus, the electronic sub-
the studied velocity rangesa(2o) is located belower [ system excitation and, hence, the ionization probabRity
—£a(20)=2-2.6 €\l. In this case, in accordance with EQ. 4t o ttered atoms must depend on the energy density depos-
(19), the charge state formation process can take place at the, 'y the projectile within several subsurface layers of the
high value of T; only. On the contrary, ife,(zp)~eg (it substrate.
corresponds to sputtering of atoms from adsorbed layers on As it can see from Figs. 1-4, when the projectile param-
metallic surfacels the ionization process is possible &t eters are changed, the alterationRfi is more pronounced
~0K. for the atoms sputtered with the small velocity. With the
The efficiency of the charge state formation process deincrease ofv,, the “freezing” distancez, and the timet*
pends on both the electron-hole generation produced by the z,/y, are decreased and the atomic lewé€k,) moves to
ion bombardment into the subsurface layers of a substratgermi levelsr . In this case the relaxation of the electronic
the relaxation of this excitation as well as the kinematicsexcitation does not decrease essentially the hole number in
characteristics of atoms moved outward of the surface. In outhe energy range near: and the effect of the relaxation
experiment, the various projectiles bombarded the same S”brocess orP* is not |arge_ On the Contrary' the decrease of
con sample and the sputtered”Sbns have been detected ,, |eads to the increase of both the distazgend the time
with the same kinematics characteristics. So, assuming thgt and the levek(z,) moves away fromeg. The effect of
the relaxation timer depends only on the electronic proper- the relaxation process oR™ is become large because the
tieS Of the SubStrate and |t doeS not depend on prOjeCti|ﬁ0|e number in the energy range far away fr@m are de_

parameters, we must conclude_that the*_Aprojec'tiles Pro-  creased strongly. Using Eq(17), the dependence of
duce the much strong electronic excitation. This excitation|np#/p}) on v, can be expressed as

and, as a consequencg, are determined by the inelastic

energy losses of projectiles and fast recoils moving inside the Pl v vor

collision cascade region. According to the mecharfistme |I’IF= — (20
more effective formation of vacancies in inner stglbf the 2 z

target atoms is produced due to the symmetrical Si-Si owherery, andv,, are the ionization parameters related to the
Al-Si atom collisions. In the mechanisri&?"**the main different “projectile-solid” systems. Thus, within the ap-
factor responsible for the generation of the electron-holgyroach considered here, the value oﬂqﬁ(p;) is increased
pairs is the velocity of moving particle. However, the with the decrease of,. The dependence of IR{/P;) on
Au-Si collisions are not symmetrical and, for a given en-,, -1 gptained from the data in Fig. 5 is plotted in Fig. 7. It is

ergy Eo, the Au™ projectiles have the less velocity as cOm- geen that the experimental dependence is satisfactorily de-
pared with the velocity of both the Alprojectiles and the Si g¢riped by the linear function.

recoils. Hence, the Au projectiles are not effective for the
direct generation of the electronic excitation. In this context,
the difference in the electronic excitation produced by heavy
(Au™) and light (A" and Al ) projectiles may be con- In the present work the assumption used in the majority of
nected with the peculiarities of a projectile penetration into ahe electron-exchange models and related to the indepen-

V. CONCLUDING REMARKS
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1/v,. An analysis of results shown that the changé®ih is
connected with the electronic subsystem excitation produced
by projectiles in several subsurface layers of a solid. As a
result of this excitation the electron-hole pairs appear in the
valence and conduction bands in the subsurface silicon re-
gion. The appearance of nonoccupied levels below Fermi
level e opens an additional channel for the electron ex-
change. It may result in an increasef due to the reso-
nant transfer of electrons from sputtered atoms into nonoc-
cupied levels if these atoms leave the surface before
nonoccupied levels are able to relax.

A simple model was proposed in which the charge state

formation occurs in the electron exchange between the sput-
tered atom and a local surface area where the relaxation of
the electronic subsystem excited by the projectile impact
takes place. In spite of the rough approximation of nonequi-
dence of the charge state formation process of sputtered dtbrium energy distributiond, andf,, this model permit to
oms on projectile parameters has been subjected to expesxplain the main results of the present work. It describes
mental examination. To study it the clean silicon surface hasglifferent kind of the velocity dependence Bf* predicting
been bombarded by the atomic (ARu~) and molecular the exponential dependence Bf on 1/v, at the small val-
(Al,) projectiles with different incident energies. The ki- ues of the relaxation time and/or the velocityv, of sput-
netic energy distributionf(E) of the secondary Siions tered atoms. The increase efand/or v, make the velocity
were measured to obtain information on the ionization probdependence oP* “less” exponential and “more” power-
ability P™ of sputtered atoms. The main result obtained islaw-like.

the experimental demonstration of the effect of projectile pa- Future studies of the effect of the relaxed electronic sub-
rameters onP*. It was found that, for a studied velocity system excitation on the ionization probability of sputtered
range, P is increased with the rise of the mass and theatoms will allow to obtain a better understanding of the
energy of projectiles as well as with the number of atoms ircharge state formation process and, hence, to the further de-
projectile. The increase iR™ with the change of the projec- velopment of charge state formation models. It is important
tile parameters manifests itself for both small and large vethat the results obtained are useful from an applied point of
locities of sputtered atoms, being more pronounced fowiew. They indicate the way for the improvement of the
smaller velocities. The degree of the alterationRf de-  SIMS analysis sensitivity due to the selection of both the
pends on the individual features of the interaction in a giveriprojectile-solid” system and the correspondent projectile
“projectile-solid” system. As compared with the Al (9  parameters lead to the increase of the secondary atomic ion
keV), Al~ (18 keV), Al, (9 keV), and AL (18 keV) ion  Yyield.
bombardment, the Au (18 keV) ion bombardment leads to

larger values ofP*. Thus, these results evidence that the
assumption related to the independence of the charge state
formation process of sputtered atoms on the projectile pa- The authors are very grateful to the financial support from
rameters does not correspond to the clean silicon surfad®JAP H/10, University of Antwerp(BOF) and FWO (Bel-
sputtering. It has been found that for all studied “projectile- gium), respectively. S.F. Belykh and V.V. Palitsin thank to
solid” systems the velocity dependence Bf is approxi- Dr. I.A. Wojciechowski (Pennsylvania State University,
mated by the exponential function on the inverse velocityUSA) for useful discussions.

FIG. 7. Differential nonadditive factdt, ; natural logarithm vs
v, ! for sputtered Si ions.
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