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Nonlinear effects in sputtering of organic liquids by keV ions

losif S. Bitensky
Departamento de Fisica, Pontificia Universidade Catolica, C.P. 38071, Rio de Janeiro 22452-970, Brazil

Douglas F. Barofsky
Department of Agricultural Chemistry and Environmental Health Sciences Center, Oregon State University, ALS 1007,
Corvallis, Oregon 97331-7301
(Received 20 January 1997

The principal features of the spike probability model are summarized, and calculations based on the model
are compared with the keV-ion sputtering data recently obtained from organic liquids. This data, which
includes yields for anions of mononucleotides, cations of an organic surfactant, and hydride ions, permits the
validity of the spike probability model to be examined over a wider range of both primary particles and impact
energies than heretofore possible. It is demonstrated that the nonlinear sputtering effects observed when liquid
organics are bombarded by atomic and multiatomic keV ions are described well when energy straggling in the
transfer of primary ion energy to the target is used as a basis for calculating the probability of forming energy
spikes. This spike probability model accounts for experimental yields in several cases where treatments based
solely on mean stopping power are found deficient. Specifically, the model’'s more complete description seems
to be required when, as in the case of intact molecules sputtered from condensed organic phases, spike
phenomena predominate50163-18207)03941-9

[. INTRODUCTION age energy conveyed to each atom in the spiked volume is of
the order of the atomic binding energy, the region is rapidly
It is known that nonlinear effects occur when solids areconverted into a hot gas that erupts in a single, collective
sputtered by ions having kinetic energies in the range ofvent that contributes to the total sputtering yield. When
1-100 keV(keV ions. These effects are revealed as discrepSUCh events occur, it is possible to neglect the losses due to
ancies between the ways measured sputtering yields depeRA€rgy straggling, i.e., fluctuations in stopping power, and to
on the initial kinetic properties and the stopping powers ofaccount for sputtering yield solely in terms of the mean value
the incident particles and the ways linear collision cascad@f €. Different versions of thermal spike modeis*and the
theory predicts these dependendigsnder heavy ion bom- shock wave modét embody such a description of nonlinear
bardment, sputtering yields exhibit a nonlinear dependencgPuttering yields in instances of highfor keV ions.
on energy losé,and under cluster ion bombardment, both When € is low for an incident ion, as is the case, for
total sputtering yields® and ion sputtering yield$ show €xample, when a heavy ion impacts a target comprised of
nonadditive dependencies on the number of atoms in théght elements, the probability of forming an energy spike is
primary C|uster ionisee a|so the Comprehensive revieW bmeCh less than Unity. In such instances, occurrences of
Andersef). The emission of ions of both large clustérd®  spikes are not revealed through the dependency of total sput-
and intact biomoleculé$ " from samples bombarded by tering yield one, which in these cases is linear, but rather
keV ions is a particularly striking manifestation of nonlinear through a variety of anomalous effects that conspicuously
sputtering processes. In a recent investigation of nonlinedestify to the breakdown of linear transport thedryarious
emission of molecular ions induced by clusters of gold angxamples have been reported. The relatively abundant sec-
of organics] inc'uding fu”erenes] in the keV rarﬂé&n_ Ondal’y emission of intact biomolecular ionS, Containing from
hancement in yield was observed to depend on a primaggens to nearly thousands of atoms, from organic targets bom-
projectile’s particle number rather than its mass. All of thesed@rded by C$ (Refs. 14—1¥ certainly cannot be credited to
phenomena stem from the rapid formation of regions of higtg linear phenomenon. The sputtering of ions from organic
energy densityenergy spikesnear the surfaces of the tar- insulators by low-energy particle beams has been reviewed
gets. recently by Eng> Comparisons of the observed sputtering
When the stopping powere& dE/dx) for a single, inci-  Yields per primary atom when Au is sputtered respectively
dent keV ion is high, as is the case, for example, when ®Y Xe* and Xg with the same impact velociti®sndicate
heavy ion strikes a target composed primarily of heavy atthat nonlinear effects occur with the diatomic projectiles at
oms, the probability of forming an energy spike approachegnergies well outside the range predicted by the thermal
unity. In this case, the impact of the incident ion, whosespike model. Transmission electron micrographs of gold sur-
mean free path is comparable with the interatomic distancetaces bombarded with Biand Bj, have revealed that craters
in the target, can initiate numerous, overlapping cascades @hused by only 1.5% of the Bi(100 keV/ion account for
elastic collisions that rapidly and efficiently impart a signifi- about 40% of all the atoms sputter&dThis observation in-
cant fraction of the ion’s considerable kinetic energy to adicates that fluctuations in the energy deposited by primary
small volume near the surface of the tare® If the aver-  ions play an important role in nonlinear sputtering events.
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Insights into the nature of nonlinear sputtering effects in-cascades. Hence, this data also provides a chance to test the
duced by keV ions have also resulted from computer simuspike probability model against the effects of energy spikes
lations. Shapiro and Tombrello found statistically significanton the emission of distinctly different classes of secondary
nonlinear yields from Cu targets for bombardment with Krions.
and Xe dimers but not for bombardment with Ar and Cu In the present paper, pertinent features of the spike prob-
dimers: in the cases of Ar and Cu, however, both the energ@bility modef***are summarized, and calculations based on
and polar angular distributions of the sputtered atoms, whick€ model are compared with the keV-ion sputtering data
are more sensitive to nonlinear effects, exhibit features simitecently obtained from organic liquids.
lar to those found for Kr impacts. These results emphasize
that nonlinear effects cannot be observed in the total sputter- IIl. SPIKE PROBABILITY MODEL
ing yield when spikes are rare events. Furthermore, the out- A

comes of these simulations plus second%%/ ion yields megsongensed-phase matter, the energy it loses per collision
sured by others in subsequent experimentsuggest that 5 5nq its path fluctuates due to the random nature of its en-

nonlinear sputtering effects generated by multiatomic privqnters with the target atoms. If the magnitude of a given
mary ions are more likely to be observed in the emission Ofy,cyyation in the subsurface region of the target is suffi-
multiatomic lcluste_rs than in the emission of single atomsciently large to constitute an energy spike, a nonlinear sput-
Computer simulations of spikes induced in condensed rargying event results. In order to convert this qualitative de-
gases by keV-atom bombardment e?<h|b|$ed pronounced OGserintion of nonlinear sputtering into a quantitative one, it is
currences of high sputtering qucFua_tlo%‘f_sZ. Most recently,  necessary to hav@) a criterion for the magnitude of a spike-
Yang et al. concluded from the distributions of cascade de-torming energy fluctuation(ii) an estimate of the relative
fects generated in computer simulations of single ion impact§alihood of meeting this criterion, anii) a basis for cal-

on graphite that the mean stopping power is not suitable fog,jating the sputtering yield from the magnitude of an energy

describing spike effects. , ___straggling event. Each of these requirements will be consid-
The examples cited in the preceding paragraphs imply oqin turn.

that a complete theoretical description of nonlinear sputter- \when a primary ion traverses a small volume of con-

ing effects due to bombardment by keV ions should take intqyenged phase matter, it creates an energy spike if every atom
account the probability of energy spikes arising as significanf, ihat yolume acquires sufficient energy to escape its bound
fluctuations, i.e., straggling, in the energy losses of the prig;4;a19.20 | ot E, be the energy lost by a primary particle as

mary particles. Conrad and Urbas3ekave, in fact, shown passes a distanakthrough the target, then an energy spike
that fluctuations in the sputtering yield are mainly caused by, i pe formed if

fluctuations in deposited energy as conjectured earlier by
Westmoreland and Sigmurifl Probabilities of spike forma- E,=Ec.=Nycarad, (1)
tion in solids have since been calculated from the distribution

of energy losses that particles experience when they pass'4'ereN is the number of particles per unit volume of the
given distance through a targ8t* These computations target, 7, is a definite value of the same order as the binding

mainly show that sputtering yield depends on the initial en-€Nergy of a target atom, amds the average radial extent of
ergy of the primary ions as well as on their stopping IOOWerdamage in a.plane normal to the primary |on’s_ path. Since
and that it is necessary to consider the probability of spiké®Ny those spikes formed near the surface contribute to sput-
formation when mean stopping power alone is insufficient td€1ng, d must be much less than the primary ion’s range in
explain observed nonlinear sputtering effects. Yield curvedn® target. Therefore, angular deflection of the primary ion
generated from this spike probability model compare wellver this distance can be neglected.
with experimental data on biomolecules sputtered by kev- From passage of one primary particle to the next, the
alkali iong* and on Au sputtered by Xdons® njagr_utude ofe , will ﬂuc_tuate l_Jetween_O anl,, the |n|t_|al
Results from an investigation of sputtering from an or- kinetic energy of the primary ions. Using the expression for
ganic liquid were recently reported by Yen and Barof¥ky. the probability of a monatomic ion’s energy losgE, ,d)
This new body of data, which includes yields for anions ofderived by Lindhard and Nielsshand assuming that each
mononucleotides, cations of an organic surfactant, and hy2tom of an impacting, multiatomic, primary ion passes inde-
dride ions, provides an opportunity to examine the validity ofP€ndently through the target, Bitensky has shown that the
the spike probability model over a wider range of both pri_dlstrlbutlon for a multiatomic projectilé,(E, ,d) is given by
mary particles and impact energies than heretofore possible.
In general, the number of secondary analyte ions ejected nedvalm
from the surface layer of a liquid matrix is governed by the fn(E/ )=
analyte’s chemical environment, its surface activity, and the
dynamic properties of the impinging primary particles. Or-where a *=Eq[4M;M,/(M1+M;)?]/ag=Eqy/ ag,aq is
ganic liquid systems fall into that sputtering regime whereina numerical factor of order unityl; andM, are the masses
there is little likelihood of an energy spike occurring. None-of a primary ion and a target atom, respectively, arid the
theless, emission of intact ions of mononucleotides and ormumber of atoms in the primary ion clust€rlt should be
ganic surfactants distinctly reflects nonlinear sputtering phenoted that Lindhard and Nielson's distribution for energy
nomena that should be governed by the formation of spikedoss was derived with an exponential cross section for energy
Emission of the hydride ions, by contrast, indicates processesansfer andn= 3 for the Lindhard-exponerit nevertheless,
that should be governed by the formation of linear collisionthis model correctly describes energy loss due to straggling

an energetic particle penetrates nonordered,

=7 exd —a(E,—ned)?/E,], (2
/
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and, as shown by BitensKy can be applied to keV-ion bom- values of yield in this limiting case are not expected to lie on
bardment. Obviously from inspection of E®), the assump- a single curve when plotted againstregardless of the gov-
tion of independent atomic motion becomes increasingly lessrning sputtering mechanism.
tenable as grows. Actual use of Eq(5) to compute values for the sputtering
When sputtering is treated as atomic evaporation arisingield under a specific set of experimental conditions requires
from a thermal spiké??® somewhat complicated nonlinear knowledge of how the average extent of damageom an
dependencies of sputtering yield on stopping power are presnergy spike depends on the various characteristics of both
dicted. By contrast, derivations of the sputtering yield basedhe primary ions and the target. An estimate @an be made
on the rudimentary thermal spike motfeind on the shock by assuming it is approximately equal to the mean recoil
wave modet* produce simple expressions containirg range derived by Winterboet al3” using the interaction po-
raised to a powefv =2 and3, respectively. Based on this tential U(R)=U,R™ Y™ i.e.,
latter observation, only a general relationship between sput- _
tering yield and stopping power, not a detailed mechanistic —_ (1-m)T?2m
model, is needed to introduce the probability of spike forma- r= T2mNG, ®
tion into the calculation of sputtering yields. Specifically, it L
has been presum&dthat this dependency has the simplewhere T is the mean recoil energy, C,
form = (ml2)\na®(2Z25e?/a)™ characterizes the recoil-recoil in-
. Y teraction, A, is a fitable numerical factor, a
Yspive= B(E,1d)", ©) =0.8853%,/(v223"%), a, is the Bohr radiusz, is the atomic
where B8 is a proportionality factor that depends on the number of the target atoms, aerds the charge of an elec-
mechanisms of sputtering and ionization that produce théron. Using a differential cross section proposed by Lindhard
secondary ionsk//d is the effective stopping power in the and Nielser’® the following expression fofT has been

spike volume, and is a humerical exponent. derived3?
Taking into account the criterion for generating spikes,
Eq. (1), and the probability distribution foE , Eq. (2), the — JwEqla mE4Eqylag
average spike-yield can be calculated as T~—F—= 5 , 9
— nE, . .
Yspike%ﬂfE (E, /d)"f(E,,d)dE, . (4) whereE, is the displacement energy of a target atom.
C
Upon substituting foff,(E - ,d) and changing the integration lll. NUCLEAR STOPPING POWER
variable toz=E,/ned, the expression fo¥ g, becomes It was emphasized in the preceding sections that sputter-
ing of atomic clusters and organic molecules by bombard-
_ ad Eg/ed . i K . .. . .
Y gpike= B [¢2 (ne)yﬂ/zf 27312 ment with primary ions having low, incident, kinetic ener-
T Ec /ned gies cannot be described solely in terms of total stopping
power. Nonetheless, total stopping power is an important
Xex;{ —aned| z+ 1_2) dz. (5) parameter in such experiments, and for the purposes of pre-
z senting and discussing experimental data, it remains one of

the most useful ones. Hence, a method for making accurate
calculations of stopping power in the low-energy sputtering
regime is required. In principle, both nuclear stopping and
electronic stopping contribute to the total stopping power.
However, the existence of an electronic stopping threshold of
about 200 eV/nm has been found to exist for the ejection of
biomolecules subjected to MeV ion bombardm&rand this
threshold exceeds the electronic stopping powers calg?t:lated
YV . (E.s R for the keV-primary ions used in the glycerol experiménts
Yspid E/>Ec)=Be”, ®  Under consideration in this paper. Thus, in the case of keV-
i.e., the average sputtering yield is described solely in term#®n bombardment of organic liquids, it seems safe to assume
of the mean stopping power. In the opposite limit, wherethat electronic stopping can be ignored, i.e., thatdE/dx
E, =ned is much less thafk., integration yields = (dE/dX) huclear
It has been shown that the nuclear stopping power for low
— — Bne 32— aE primary-ion energies is grossly overestimated by calculations
Yspikd E/<Ec)=~ ﬁ (aEc) e . (V) based on the Thomas-Fermi potential but is fairly accurately
(ad) . ) . -
represented by calculations based on interatomic potentials
The magnitude of this expression clearly depends on parangalculated from first principles in the free-electron
eters, other than the stopping power, that characterize a prapproximatior?® In particular, nuclear stopping power
mary ion’s energy loss at the surface when the probability ofurves calculated for the Kr-C potential were found to be in
forming spikes is low; however, the expression’s form doesexcellent agreement with experimental data. Hence in this
not depend on the mechanism by which spikes induce spupaper, the following two-parameter expression, in which
tering in condensed phase matter. Accordingly, measuree0.10718 andB=0.37544 for the Kr-C potentiaf has been

Looking at Eq.(1), the lower limit of the integralE./ned,

is easily seen to be equal Mz.(7r?/ne); in other words,

the lower limit is inversely proportional to the energy density

ne/wr? created along the path of the penetrating projectile.
When primary ions suffer large energy los€es=ned is

much greater thai., and evaluation of the integral in Eq.

(5) gives
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used for calculating reduced nuclear stopping power (~10 um spot diametdrwas periodically sweptl.2 kH2)
across the full width of the target droplet 160 um diam-

~ 0.5In(1+¢g0) etep to repeatedly sputter approximately 6 ns bursts of sec-

uclear™ 80+A83 ’ (10 ondary ions off the target’s surface. The dose of primary ions

in a given experiment was determined from the time required
where the reduced incident energy,=aM,E,/  to sweep the beam across the target, the number of sweeps
[Z21Z,€°(M1+M,)], a=0.885%,/(Z1?+23%?3 andz,is (300 000, and the measured beam current.
the atomic number of the primary ion. The nuclear stopping Experimental estimates of absolute yields require that the
power (@E/dX),uqear N@s been calculated by multiplying transmission of the TOF analyzer and the efficiency of the
Shuciear DY the factor 4raNZ;Z,e?M;/(M;+M,). Nuclear  detector be known accurately. Although it is difficult to ob-
stopping powers for homogeneous, multiatomic, primarytain universal values for these two instrumental parameters,
ions have been approximated in this paper as the sum of trféey can be maintained essentially constant over the course
stopping powers of the primary species’s constituent atom®)f a series of measurements. This makes it possible to ex-
i.€., €mutiatom™ N€atom. COMPpUter simulations of the penetra- press all the data for some fixed transmission and detection
tion of gold clusters into silicon indicate that at low incident efficiency in relative terms by dividing the number of ions
energies €0.1keV/atom) a “clearing-the-way” effect collected for each secondary ions species by the number of
dominates and that, as a consequence, the total stoppiggcondary ions collected for some reference species. Thus
power is less than the sum of the stopping powers of théor the measurements referred to in this study, the relative

individual atomg?® However, this effect becomes less pro- Yield of a given species was defined as the number of sec-
nounced as incident energies increase. ondary ions detected in the TOF analyzer for a given dose of

the primary ions used divided by the number of deprotonated
dAMP ions produced by bombardment from a comparable
dose of singly charged, monatomic, Au primary ions.

The data that provides the experimental basis for this pa-

IV. EXPERIMENT

per was obtained by bombarding liquid organic matrices V. DISCUSSION
with various monatomic and polyatomic metal ions having .
kinetic energies in the range of 7—66 keV. The apparatus and A. Evaluation of parameters

procedures used to obtain this data have been described in |, order to make quantitative comparisonsﬁg-k with
. 5 . . ke
detail elsewheré® Therefore, only a condensed description experimental data, it is necessary to determine the value of

of the experimental system’s main features are given in thig,q exponent in Eq. (5). As is evident from Eqs(6) and(7)

article. , and the discussion leading up to them, the influence of
All measurements were made on a specially constructecv

: AN 42 spike depends on the nature of the sputtering conditions.
secondary ion, time-of-flighTOF) mass spectrometé™ i i iy o io od of forming spikes, Ed®) reduces to
Primary ion beams of Ga, In, Sn, Au, or Bi were produced in

this instrument by a liquid metal ion column used in con- Eq. (6) in which » plays a decisive role whereas, with a low

junction with a Wien filter. A liquid metal ion column gen- probability of forming spikes, Eq5) converts to Eq(7) in

erates a beam of sinalvy and multiply charaed ions of mon_which the yield is relatively insensitive to. The total rela-
; gly . Pl 9 tive yields measured for deprotonated dAMP from the sur-
atomic and polyatomic species of the metal selected fo

study. The Wien filter was set to allow only a homogenousfaCe region of glycerol are plotted in_ Fig. L again_st the_stop-
subset of the metal ions exiting the liquid metal ion cqumn,pmg powers of monatomic and multiatomic Bi primary ions.

i.e., particles composed of the same number of atoms agapmbardment with the heavy multiatomic specieg Bind

having the same charge state, to pass through into the i .I?,f falls Within the high probability domain of spike forma-
source of the mass spectrometer. This arrangement permittdgn: and the yields are expected therefore to depend almost
the composition, energy, and momentum of the primary ionem're_[}’ on stopping power. In fact, the experimental points
beam to be precisely defined for the secondary ion yieldor Biz and BE" are all fit well by a single curve, eithef
measurements. o 32 or Yspike(e,v=3/2) calculated with Eq(5) for multi-

The sputtering target consisted of either deoxyadenosinéittomic Bi ion bombardment. For this reason, all calculations
5’-monophosphatédAMP; C,oH;,NsOsP) or deoxyguano- referred to in the rest of this discussion have been made with
sine-5 -monophosphatedGMP; G ¢H;,NsO,P) dissolved in v=35.

a solution of hexadecylpyridiniunfHDP; G,;H3gN) acetate The Y g, curves shown in the figures were generated by
(C,H30,) and glycerol (GHgO3). The role of the HDP ac- considering the glycerol target to be a solid consisting of
etate, which is a surfactant, was to form ion p&imsith the  atoms withZ,=3.6 andM ,=6.6u, the mean atomic number
anions of the dAMP or the dGMP and thereby localize theand the mean mass respectively of glycerotHgOs), and
analyte on the surface of the glycerol matrix. The target soby assigning definite values to the explicit and implicit pa-
lution was introduced into the ion source of the mass specrameters associated with E(). With the exception of3,
trometer as a droplet{3 nL) hung on a small diameté25  which appears in Eq3), these paramete(isted in the cap-
um) tungsten wire similar to a bead on a string. tion of Fig. 1) have physical meaning and can be estimated

An unconventional method was employed to deliverto within at least an order of magnitude.
pulses of primary ions to the target. Instead of blanking or Since the magnitude ofc, introduced in Eq(1) as the
chopping the primary beam into small, temporally and spaenergy necessary per atom for a spike to be formed, is of the
tially bunched packets of ions, the focused primary ion beanorder of the binding energy of a target atdfits value for
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in the solid under consideration; hence in the current case,
[dAMP-H]- I we have takerEg=47n.=4eV. SinceEy comes into the
] calculation of Yy through T as (Eg)™ and sincem
- =0.23, the value oE, does not significantly effect the final
] result(e.g., doublinggy only increases by 179%.
The factor 8, which includes the probabilities of a mol-

10+

é ecule being ejected as an ion and remaining intact, was ob-
= tained by fitting the theoretical curve to the single experi-
E 14 /mﬁlﬂj/ 5 mental point corresponding to the total relative yield of
] o Bi* ] [dAMP-H]™ measured at the lowest stopping power condi-
] o Bi+ ] tion examined under Bibombardment. In judging how well
2 ] the Y ,ie CUrVes account for the experimental data, it should
* B'3+ be borne in mind that neither the secondary ion yields de-
0.1 . . . : scribed by Eq(5) nor the measured yields used for compari-
1 3 5 son are absolute and, furthermore, that with one exception,
Nuclear stopping power (keV/nm) only the single set of values for the physical parameters de-

scribed in the preceding paragraph and a single valug of
FIG. 1. Relative total yield of deprotonated dAMP molecules corresponding to one specific secondary ion were required to

from the surface region of glycerol versus the stopping powers ofjenerate the theoretical curves. Also noteworthy in this re-
Bi, ions (n=1-3). Experimental data are from Ref. 35. Dashedgard is the fact that the same set of parametric values used to
line representsy(dE/dx)*? Solid curves were generated with calculate the secondary ion yields for glycerol in this work
Eq. (5 by setting 7,=1eV, d=6nm, ao=3, m=0.23, Ay (yjth the obvious exception of those fdrand 8) was used
=0.56, andE,=4 eV. by Bitensky to calculate the yields of alanine ions sputtered

by alkali ions from a solid film of the compound deposited

_ on an aluminized polyester surfate.
an organic substance can reasonably be taken as the energy

of a covalent bond, i.e., around 1 eV. The value 6 nm used
for the parameted, which was also introduced in E€L), is
approximately one third the range of a primary ion under the The nonlinearity of the secondary ion yields from the sur-
given experimental conditions; is not only characteristic of face region of glycerol can be seen more clearly in Fig. 2
the organic target but, as will be explained more fully later inwhere the secondary molecular ion yield per incident Bi
this discussion, is also dependent on some of the dynamigtom is plotted versus the kinetic energy per incident Bi
properties of the primary particles. atom. The largest effect occurs when the primary ion is
The parameterr imbedded in Eq(2) was introduced by changed from Bi to Bi;. The fact that the yield per atom of
Lindhard and Nielson into their probability distribution Bij is about four times greater than that per atom of Bi
modef® to cut off the exponential cross section for energystriking considering that sputtering yield increases fairly
transfer from a projectile to a target atom at the maximumslowly with primary ion energy and that the total kinetic
recoil energyEyy. Accordingly, they assumed the numerical energy of a BJ projectile is only twice that of a Bi projec-
factor ag to be on the order of unity. In the present instance jle.
however,ay= 3 yielded the best fit to the experimental data, Analogous comparisons between yields measured for
though the results of our calculations do not vary signifi-deprotonated dAMP under bombardment by monatomic and
cantly whene is changed from 3 to 2. multiatomic Au ions and theoretical curves generated from
In linear cascade collision theory, it is shown that thegq. (5) are shown in Figs. 3 and 4. The trends seen in Figs.
recoil-recoil interaction potential for cascading atoms with3 and 4 agree with those seen in the molecular ion yields
energies lower than a few thousand electron volts is approximeasured by Benguerket al.” by subjecting solid organic
mated rather well by the power expression introduced in théiims to bombardment from clusters of gold atoms.
discussion leading to E¢8) whenm=3.%" Since the aver- From the curves presented in Figs. 1—4, it is clear that the
age energies of the cascading atoms under consideration gsgobability of spike formation influences the secondary ion
on the order of hundreds of electron volts, the value 0.23jield of large, intact molecules from the surface region of a
used form in this work seems reasonable. condensed phase organic matrix when the latter is bom-
The fitable parametex,, was also introduced along with barded by heavy, monatomic ions such as"Aand Bi'.
Eq. (8). Our empirical value of 0.56 is about half the theo- Further evidence for the influence of energy spikes on non-
retical \ , value derived by Winterboat al® for m=1; this  linear sputtering effects produced by keV ions is contained in
difference is not unreasonable when one considers that otiie yield data for the lighter, monatomic, primary ions'Ga
use of Eq(8) is in conjunction with dense collision cascadesand In". Secondary ion yields of deprotonated dAMP mol-
rather than the linear ones considered by Winterébal. ecules from the surface region of glycerol are shown versus
The displacement enerdy, found in the expression for nuclear stopping power and primary ion energy, respectively,
the mean recoil energy, Eqg. (9), enters into the theory of in Figs. 5 and 6 for the primary ions Galn*, and Bi'.
radiation damage in solids as the minimum recoil energyAgain the results of calculation with E¢p) are seen to agree
required for a stable defect to be formed. Its magnitude isatisfactorily with the experimental data. The fact that the
usually 4-5 times larger than the binding energy of an atoniitted parameters have the same values for all of the theoret-

B. Comparison with experiment
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FIG. 2. Relative yield of deprotonated dAMP molecules per  F|G. 4. Relative yield of deprotonated dAMP molecules per
atom of a primary Bj ion (n=1-3) versus the impact energy per atom of a primary Ay ion (n=1-3) versus the impact energy per
incident atom. Experimental data are from Ref. 35. Curves wergncident atom. Experimental data are from Ref. 35. Curves were
computed with Eq(5) using the same values for the adjustable computed with Eq(5) using the same values for the adjustable
parameters as given in Fig. 1. parameters as given in Fig. 1. Solid curve is for; Athe dashed

curve is for Ay, and the dotted curve is for Au

ical curves shown in the two figures supports the assumption

that these parameters depend solely on the characteristics afbmic primary ions G4, In*, and Bi" are shown in Fig. 7

the matrix and the secondary molecule. as a function of the kinetic energy of the primary ions. From
Derivations based on the existing spike motfei&'lead  the figure, it can be seen that(Bi)/e(Ga)=1 at E,

to expressions for secondary ion yield that depend only or=17 keV. This being so, it is remarkable that at this impact

some power ofe and predict, therefore, that secondary ionenergy the secondary molecular ion yield resulting from

yield should mimic relative trends in stopping power. Thebombardment by Bi is about one order of magnitude larger

experimental points plotted in Figs. 5 and 6 clearly do not liethan that resulting from bombardment by G#Fig. 6).

on a single curve. Hence in this instance, stopping poweMoreover, the trends of the Biand Gd data plotted in Fig.

alone does not account for the observed secondary moleculgrsuggest that the yield for Biremains significantly higher

ion yields, a fact that fundamentally typifies nonlinear sput-than that for Ga even at incident energies below 17 keV

tering phenomena observed under keV-ion bombardmenivhere, according to Fig. %(Bi)/ e(Ga)<1.

The calculated nuclear stopping powers of the three mon- To gain a better understanding of how the relative yields

from two bombarding species can behave oppositely to their

[dAMP-HJ- T T T T T
[dAMP-H}-
10 .
] 1__ . L Bi+_
] ¢ ° o 00 ]
z %o a0 — In*]
2 ]
= ke
B [
P13 ™R o AUt = o o
] oh " A Aut 0.1 a” 3
Au *
2
. Au3+
0.1 : : —
1 3 5 0.01 —m—"1——r—————————
1.2 1.4 1.6 1.8 2.0

Nuclear stopping power (keV/nm)
Nuclear stopping power (keV/nm)
FIG. 3. Relative total yield of deprotonated dAMP molecules

from the surface region of glycerol versus the stopping powers of FIG. 5. Relative total yield of deprotonated dAMP molecules
Au, ions (n=1-3). Experimental data are from Ref. 35. Dashedfrom the surface region of glycerol versus the stopping powers of
line representsyo(dE/dx)*2 Solid curves were generated with Ga", In*, and Bi". Experimental data are from Ref. 35. Solid
Eq. (5) using the same values for the adjustable parameters as givarurves were generated with E() using the same values for the
in Fig. 1. adjustable parameters as given in Fig. 1.
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Primary ion energy (keV) FIG. 8. Plots ofp(z) =exd —aned(z+1/z— 2)] versusz for 17
keV/atom Gd, Bi*, and Bj impacting on glycerol: aned
FIG. 6. Relative total yield of deprotonated dAMP molecules =4.7(Gd), 12.8(Bi"), and 25.6(BJ). Arrows point to values on
versus the impact energy of the primary ions*Gén™*, and Bi'. the abscissa corresponding to the lower limit of the integral in Eq.
Experimental data are from Ref. 35. Curves were computed with{5) for the indicated projectiles. For comparison, the integral’'s
Eqg. (5) using the same values for the adjustable parameters as givéswer limit for 17 keV/atom Bj is indicated on the abscissa, but
in Fig. 1. the curve for this ion is not showtit would be narrower than the
curve for Bi). The magnitudes of the yields predicted by Eg).
for bombardment by Gaand Bi" are proportional, respectively, to
relative energy losses in the target, it is useful to examinghe area under the Gacurve indicated with crosshatched lines and
how the magnitude of the secondary ion yield predicted bythe area under the Bicurve indicated with diagonal lines; these
Eq. (5) depends on the integral’s lower limit. This behavior areas represent the probabilities respectively of & fémary and
is governed by the probability of energy-loss straggling ex-a Bi* primary forming an energy spike.
pressed in the distribution functiop(z)=exd—aned(z
+1/z—2)] found in the integrand of Eq5). The spread of
this function about its maximum at=(E,/ned)=1 is de-  yersely proportional to the energy density/ = 2 left in the
termined by the characteristics of the bombarding speciegake of a primary particle. Inspection of Eq®) and (9)
through the quantityened. For the range of primary ion quickly reveals thatt 2 is proportional to §/4)2™
impact energies under consideration in this papered is =[M;M,/(M;+M,)2]?™ which under the conditions be-
greater than unity. Plots @f(z) are shown in Fig. 8 for G§  ing consideredviz. M,=70u andM,=6.6u) reduces effec-
Bi*, and Bj, particles incident on glycerol. The integral’s tively to r 2oc(M,/M;)?™. Thus, form=0.23 (see caption
lower limit E;/ned exceeds 1 for bombardment of glycerol for Fig. 1), r?(Ga)l?(Bi)~(209/7094~1.7. Since
by 17 keV Gd or Bi" (Fig. 8). It will be recalled from the  ¢(Ga)/e(Bi)=1 at Eq~17 keV (Fig. 7), [E./ned(Ga)]/
statement immediately following E@5) thatE./ned is in-  [E_/ned(Bi)]=[r ¥ e(Ga)l/[r ?/e(Bi)]~1.7. In other
words, a 17 keV Bi ion loses the same amount of energy as
a 17 keV Ga ion over a given distance in glycerol, but the
energy density generated along the Bi projectile’s path is 1.7
times greater than that along the Ga projectile’s. Therefore,
the integral in Eq.(5) has a smaller lower limit for a Bi
impact than for a Gaimpact, which, as seen in Fig. 8, gives
rise to a dramatic increase in the probability of spike forma-
tion and, therefore, the yield produced by'River that pro-
duced by Ga.
Multiatomic keV projectiles, such as Band Bk, raise

P ———

Glycerol

Nuclear stopping power (keV/nm)

—0— Ga*t
—o—|Int

—e— Bj*

FIG. 7. Nuclear stopping powers of Galn*, and Bi" in glyc-

T
10
Primary ion energy (keV)

100

the energy density along their paths through glycerol much
more than monatomic species. The lower limit of the integral
in Eq.(5), E./ned, reflects this physical situation by becom-
ing less than 1(Fig. 8). Thus, the integral becomes weakly
dependent on its lower limit and reduces to the form given
by Eq.(6), which correctly predicts that the yields generated
by multiatomic projectiles will for all practical purposes fall
on a single energy-loss curve as is seen in Figs. 2 and 4.
The yield of the surfactant cations, HDPfrom glycerol

erol versus primary ion impact energy. The stopping power curvedvas also reported by Yen and BarofskyThey were able to

were calculated using E@10) for the Kr-C potentiaRef. 39 and

Bragg’s law.

extend their measurements of this secondary species, which
is the principal counter ion t¢dAMP-H]™, into a lower
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[HDP]* o -
; 1004 ° It i+ |

104

Total yield

10

Nuclear stopping power (keV/nm)

FIG. 10. Relative total yield of H from the surface region of
glycerol versus the stopping powers of several monatomic and mul-
tiatomic primary ions. Experimental data are from Ref. 35. The
gurves for Bif, In™, Bij, and Bij were computed with Eq(5)

Primary ion energy (keV)

FIG. 9. Relative total yield of HDP from the surface region of

glycerol versus the primary ion’s energy. Experimental data are ™. 3 - A
from Ref. 35. Curves were computed with H§) using the same using the same values for the adjustable parameters as given in Fig.

values for the adjustable parameters as given in Fig. 1 except fojr_' The dotted curve i¥jnea (dE/dx) (the absolute va_lue _Of H
those of andd. yield cannot be calculated from cascade thgcdFhe contribution to

H~ yield resulting from the spike induced by an impacting'Gst
such a small percentage of that resulting from the linear cascade
induced by the same particle that the curve for yeld calculated
range of impact energie§—21 ke\j than was possible for  from Eq. (5) (not shown nearly coincides withY e, The curves
[dAMP-H"]. The yield of HDP" versus primary ion energy for the H- yields induced by the impact of Auparticles are not
is shown in Fig. 9. As in the case fIAMP-H] ™ (Fig. 5), the  drawn because they are nearly indistinguishable from those shown
experimental points produced by the monatomic primariesor Bi’ impacts.
Ga', In*, and Bi" fall on distinctly different curves. Figure
9 also shows the yield of HDPpredicted by Eq(5). The
calculated curves are, for the most part, in good agreemem@nergy deposition apparently becomes more efficient, and
with the experimental points indicating that energy strag-consequently, spikes are initiated in a narrower zone. Exami-
gling plays basically the same role for the cation as for thenation of the yield curves in Fig. 9, which were calculated
anion. It is worth emphasizing that evaluation of E§). for ~ for d=4.5 nm andd=5.0 nm, indicates that this circum-
HDP" only required that the values of the two paramej@rs stance arises as both incident energies become lower and
andd be changed from those used for dAM&ee caption projectiles become lighter. For example, the yield of HDP
under Fig. 1. induced by heavy Bi impact is practically insensitive to the
It is also evident from Fig. 9 that, for incident energies reduction ind from 5.0 to 4.5 nm, whereas the yields in-
less than about 10 keV, E¢5) underestimates the yield of duced by G& and In" are clearly best fit by Eq5) when
HDP* secondaries; this discrepancy is especially pro-d=4.5nm. Itis remarkable that in the lower range of impact
nounced in the case of Gathe lightest projectile. A similar energies the yield induced by Biprimaries remains about
disagreement was found to exist between the yields of posibne order of magnitude larger than that induced by @a-
tive molecular ions of alanine sputtered off aluminized My- maries(Fig. 9) despite the fact that the stopping power of a
lar substrates by keV-alkali iotsand the yields calculated Bi* in this range is less than that of a Gé&Fig. 7).
from the spike probability modéf These differences be- Linear cascades contribute negligibly to the desorption of
tween experiment and theory can be explained in large paihtact organic molecules but significantly to the secondary
by examining howd, the parameter that describes the thick-emission of individual atoms. Therefore, the availability of
ness of the zone where the spikes are initiated, depends @xperimental data for the emission of hydride iShmovides
the kinetic energy of the primary ions. For valuesddafn the  an opportunity to apply the spike probability model to a situ-
order of one or two mean interatomic spacings in a conation in which linear cascades should be taken into account.
densed phase, a primary ion can only unleash one or twdhe experimental yield of H is shown in Fig. 10 plotted
nonoverlapping elastic collision cascades; therefore, thegainst the nuclear stopping powers of a variety of primary
probability of spike formation is low. For values dfon the ions. In addition, Fig. 10 shows curves generated with Eq.
order of an incident ion’s full range of penetration, the prob-(5) for monatomic and multiatomic bombardment and, for
ability of forming spikes is also low unless the mean stop-comparison, a curve predicted from Sigmund’s linear cas-
ping power is quite high. Between these two extremes, thereade theory. It is noteworthy that with the exception of the
exists ad that maximizes the probability of spike formation. value of 8, which is specific to a given secondary species,
The calculated curves fdJdAMP-H]~ shown in Figs. 1-6 the values of the parameters used to calculate the curves for
indicate that this optimal distance remains effectively con-H™ yield in Fig. 10 were the same as those given in Fig. 1.
stant over a broad range of primary ion energies. When, In contrast to the desorption of intact organic molecules,
however, incident ion energies become comparablgtp the yields of H for all four of the atomic projectiles Ga
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In*, Au*, and Bi" lie, within experimental error, on the VT T T 1 ]
single straight lineY x> (dE/dX) predicted from linear 1 - in + o

. o n [dAMP-H]
cascade theory. The curves for monatomic projectiles gener- 1 Bi +
ated from the spike probability model, i.e., E&), all lie I n
slightly aboveY e, but they are still within the margins of
the data’s experimental error. Thus, if it is assumed that the
yields of a secondary ion due respectively to linear cascades
and spikes are additive, i.€Y,gpserved Yineart Yspike: it iS
evident from Fig. 10 that under monatomic ion bombardment
spike effects do not play a significant role in the secondary
emission of H.

The experimental yields of Hresulting from multiatomic ]
bombardment are more scattered than those from monatomic i L
bombardment; nevertheless with the exception of a single ol ' . . . :
point for Bi;, they all obviously lie well aboveYeqr. IN 10 15 20 25 30 35 40
contrast to the linear cascade model, the spike probability
model produces different curves for the yields of Hue to
monatomic ion bombardment and those due to multiatomic FIG. 11. Enhancement factars,, (m=2 and 3,n=1 and 2 for
ion bombardment. Similarly, Stenuet al?* found in their ~ [dAMP-H]~ bombarded by Ipand Bj, as a function of the kinetic
analysis of the experimental results reported by Oliva-Floricenergy per atom of the incident particle. No enhancement would be
et al® that the yields produced by monatomic and multi- expected in the absence of nonlinear phenomena, this is represented
atomic projectiles fell upon separate curves; subsequerly tm,=1 (dotted ling.
analysis of this same data within the framework of the spike
probability model disclosed the same feattftdhe curves ) ) )
produced by Eq(5) for multiatomic projectiles reflects rea- Plots of various er}hancement factors versus primary ion
sonably well the enhancement in the measured yields despi@€"dy per atom, which were calculated using E€s.and
the experimental scatter. This, of course, suggests that coft2) for deprotonated dAMP sputtered from glycerol by, In
tributions fromY e are much more pronounced for multi- and by B}, are displayed in Fig. 11. For the heavier, Bi

atomic ion bombardment than for monatomic ion bombardProjectiles,t,;~4.5 andtz;~5.5; in light of the data shown
ment. in Fig. 2, these values are in good agreement with experi-

ment. By comparison, Eq12) with v=3 givest,;~1.4 and
t3~1.7, values that are less than one third of those predicted
by the spike probability model. These contrasting results em-
The spike probability model predicts that the nonlinearphasize the significance of taking into account the probabil-
increase in the yield of intact molecules due to multiatomicity of spike formation, which is relatively high when glycerol
ion bombardment should become more pronounced for pras bombarded by multiatomic projectiles. For the lightef In
jectiles composed of light elements. This outcome of theprojectiles, the difference between the yield enhancement
model is most conveniently expressed in terms of the enfactors calculated from E@5) and those calculated from Eq.
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Energy per atom (keV/atom)

C. Possibility for future experiments

hancement factor introduced by Bengueetal.’ (12) are even more pronounced than in the case @fpBi
mary ions(Fig. 11); this is especially so for impact energies
Yn/m below 15 keV. Comparing two- and three-atom projectiles,

tmn:m (m>n), 1D the yield enhancement factors obtained from &g turn out

to be nearly the same for both rand Bj, primary ions
whereY,, andY, are the secondary ion yields due to equi- (t;;~1.24) as well as to be very close to the value obtained
velocity projectiles havingn andn atoms of the same ele- from Eq. (12) [ts,=(3)%5~1.22]. Measurements of en-
ment, respectively. In the absence of nonlinear phenomenggncement factors for much lighter projectiles, e.g., Ga or
the secondary ion yield depends linearly on stopping powery| \ould make it possible to test the spike probability
i.e., Y,n(dE/dx), and consequently, the enhancement facinodel in a stopping power domain heretofore unexplored.

tor tm,=1. For the earlier spike model$;?*in which Y, Nonlinear sputtering yields were not observed in a recent
«n*(dE/dx)"(»>1), Eq.(11) reduces to study carried out with coronene, coronene dimets, Ceo,
o and G, as projectiles® This experimental result would ap-
t :(T> (12) pear to contradict our prediction that bombardment with
min ' clusters of light elements should produce large enhancements

in molecular yield. However, the incident energy per atom of
However, the spike probability model under discussion in thehe big clusters used in these experiments was just a few
present paper leads to this simple relation only when thgyundred eV, considerably below that which is necessary to
stopping power of the primary ion is high enough for B).  create spikes as discussed in this paper. In such cases, it
to prevail. When the stopping power of the primary ion isseems more likely that the sputtering yield depends on the
low and the expression foY gy is given by Eq.(7), the  projectile’s total kinetic energy rather than its stopping
magnitude of the enhancement factor becomes much greatpower. If one assumes that the sputtered particles originate
than predicted by Eq12). from a crater whose volume is proportional to the total ki-
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netic energy of the incident cluster as recently proposed byate. In the case of light projectiles, it would be worthwhile

Zubarevet al.*® one finds that the emission yield per unit to calculate enhancement factors and use the results as pre-

mass of the incident projectile is, in fact, proportional to thedictions to guide further experimentation. Such experiments

energy per unit mass of the incident projectile as observed bywould have the added benefit of providing information about

Boussofiane-Baudiet al!® the exponent that governs the secondary ion yield's non-
linear dependence on the stopping power in .

VI. CONCLUSIONS
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