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Electronic and nuclear thermal spike effects in sputtering of metals with energetic heavy ions
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Sputtering yields and typical angular distributions of pure metals were measured with heavy ions at energies
where electronic energy loss dominates. Using different ion charge states and ion/energy combinations, elec-
tronic effects were observed in sputtering of metals such as Ti and Zr, but not for Au. An inelastic thermal spike
model was extended to calculate sputtering by particle evaporation from an ion track, however, to reproduce
the measured yields, besides electronic also elastic collisiodleaj spike effects had to be included. The
results demonstrate the importance and synergism of both heating mechanisms for sputtering in this energy
regime.
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I. INTRODUCTION fect creation®” and even latent tracks were observed in
metallic alloys®® In the process of stopping fullerene beams
Sputtering experiments on insulators with heavy-ionthrough which even higher energy densities can be produced,
beams at energies where electronic stopping dominates hatrcks have been discovered in pure metals as Weélbw-
shown much larger yield€ than what could be explained by ever, the huge sputtering yields of Au and Ag targets induced
linear collision cascade theotyThe observed sputtering by keV/u Au cluster beams were clearly related to nuclear
yields were attributed thereof to electronic effects. The situstopping G,).2%?! Thus, despite the observation of elec-
ation was similar to the earlier observation of nuclear trackgronic sensitivity above certain energy loss thresholds, to our
in insulators, which could also not be explained by collisionbest knowledge clear electronic sputtering of pure metals has
cascades. Realizing the close relation of nuclear tracks tonot yet been observed.
surface erosidi? similar scenarios were proposed to de- Effects of the electronic stopping power in metals have
scribe the way from the initial electronic excitation and ion- been simulated within the framework of &imelastig ther-
ization of the target atoms to their final ejection. One ideamal spike model using thermodynamic concéfts In
was evaporation by an electronically heated thermal spikagreement with a large number of experiments a sensitivity
procesg, another one direct ejection due to an ion explosionto electronic effects was found for metals which have strong
mechanisni,and even a combination of both has been sugelectron-phonon coupling and/or a low melting point. More-
gested: heating by Coulomb explosion and consecutivever, calculated track radii defined by the molten zone
evaporation out of a thermal spiReAll these models, of around the ion path and thresholds for damage creation could
course, have been developed to explain electronic effects ireproduce the existing measurements or were predicted for
insulators, therefore it was a general belief that the proposedther metals where no data existéd>An experimental test
mechanisms should be ineffective in conductors and elef these predictions could further strengthen the reliability of
tronic effects insignificant in metafs® Partly because of a thermodynamic concept for electronic spikes. This moti-
this expectation very few attempts have been made to meaated a systematic study of sputtering yields in our labora-
sure sputtering yields of pure metals in the electronic stoptory, assuming a similar connection in metals between track
ping regime, partly also due to experimental difficultiesformation and sputtering as for insulators. Sputtered par-
originating from the oxidation problem. Metal oxides areticles, however, leave the surface much earlier than track
hard to avoid under normal vacuum conditions and, as insuformation is finished or any annealing mechanism may have
lators, they can completely dominate the sputtering yieldalready worked. Thus, additional information about elec-
Sputtering experiments in the past on pure metallic targetsonic effects in solids could be expected from sputtering
with energetic heavy ions at well-controlled surface condi-experiments.
tions were made by O’Connagt al!''? Using 70-MeV Br In this paper, we report on systematic sputter measure-
projectiles and Nb targets, no electronic sensitivity could bements with heavy-ion projectiles on two metals, Zr and Ti,
observed and the measured yields turned out to be compdr which electronic effects have been predicted within the
ible with nuclear sputtering. investigated energy range. Additionally, since Au is expected
The situation changed as high-energy heavy-ion beam® be insensitive to electronic effects and is well studied in
with electronic stopping powerS,) well above 10 keV/nm the nuclear stopping regime, sputtering yields of Au have
became available for irradiation experiments. Systematibeen measured for comparison. In the first part of this paper
studies of damage creation in conductive materials revealede discuss the considerations of target surface-related prob-
clear electronic effects such as anisotropic growthlems as well as precautions necessary to avoid surface con-
phenomena>'*amorphization of crystalline structur&sde-  taminations and surface roughness effects. By using different
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heavy ions at different energies and charge states, clear ewderibed in detail elsewhefé The essential parts of the UHV
dence for electronic effects has been found in the experimeréhamber and the irradiation geometry are shown in Fig. 1.
tal results. This was confirmed in Monte CafC) simu- By means of two differential cryopumping stages and after
lations of sputtering by elastic collisions which significantly the usual bakeout of all internal structures at about 250 °C a
underestimated the measured yields. In the last part of thisasic vacuum of 10'° mbar could be reached in the sputter-
paper the existing inelastic thermal spike moiétis ex-  ing chamber with the beam on target. The final vacuum com-
tended to calculate sputtering yields. The measured yieldgosition was checked by a quadrupole mass spectrometer
and energy dependencies, however, can only be reproduc&®ing hydrogen as the dominant remaining component. The

by assuming simultaneous electronic and nuclear heating. SPUtter targets, mounted on a sample holder with five mount-
ing positions, could be moved with a vacuum manipulator in

front of a 8 keV Xe sputter source fan situ surface clean-

Il. EXPERIMENT ing. Thus, contamination-free surfaces could be prepared and
maintained for several hours.

As important as cleaning was the monitoring of surface

When measuring sputtering yields of metals with high-conditions during the experiment. Here we made use of the
energy heavy ions one is confronted with two very speciairradiating beam itself which offered in oblique incidence,
problems: the low beam current possible and the sensitivityesides enhanced sputtering yields, the possibility of elastic
of metals to oxidation. In this study of electronic sputteringrecoil detection analysi€ERDA) for surface contamination
effects, metal oxides, being insulators, are extremely dangethecks. AAE-E,.; detector telescope was developed for this
ous because of their known large sputtering yields at higipurpose whos@ E detector consisted of a position-sensitive
energies. Since most of the sputtered atoms originate frorgas ionization chamber whereas the remaining energy was
the first atomic layers, even a monolayer of oxide could fal-measured with a 2020-mn? p-i-n diode?* The compatibil-
sify the real metal sputtering yield and must be excludedity problem of a gas-filled detector in close connection to an
Sputtering, however, is a surface cleaning process in itselfJHV setup was solved by a differentially pumped Mylar
and thus a contamination-free surface can be obtained if thentrance window of 2.4um total thickness which could be
incoming particle flux multiplied by the sputtering yield is backed at moderate temperatures. The detector setup had a
larger than the adsorption rate for contaminants. As a rule ofolid angle of 1.8 msr mounted at a scattering angle of 35°,
thumb, this rate lays around ¥oatoms/cm?s™* at a and offered the advantage of a low-energy threshold for
vacuum of 10° mbar. In keV sputtering with a typical ion heavy-ion detection, a radiation-resistant transmission detec-
flux of 10' ions/cm 257! the self-cleaning condition can tor, as well as a position sensitivity for kinematic correction
easily be fulfilled. For ions in the 100 MeV range, however,to reach good depth resolution despite the large acceptance
the ion flux has to be limited to #®ions/cm 2s™ in order  angle?® Hence surface oxygen could be easily distinguished
to exclude target melting and vaporization. This low flux from bulk contamination, and continuous monitoring of oxi-
inhibits sufficient sputter cleaning during the irradiation itself dation was possible. The irradiation geometry in this work is
and contamination-free surfaces can only be assured througtefined by two angles, the incidence anglef the incoming
ultrahigh vacuumUHV) techniques. ions measured to the sputter target surface, and the exit angle

Therefore, a special UHV setup has been developed at & of the outgoing sputtered particles measured to the target
beam line of the Munich tandem accelerator laboratory, desurface normalsee Fig. L

A. Experimental setup
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B. Irradiation-induced target structure effects close to 1 more probable. Nevertheless, a very sensitive de-
Sputtering as a surface process is sensitive not only tECtion technique was necessary due to the expected sub-

surface contamination but also to surface structure and moffonolayer thickness of catched secondaries. Heavy-ion Ru-

phology. The influence of crystal grain size on sputteringtherford backscatteringRBS) analysis with 1.5 MeV C ion

yields has been shown for energetic projectité&Thus rep- bean_1§ has the required sensitivity, especially in channel?ng
resentative Ti, Zr, and Au targets were tested for their strucconditions, another advantage offered by the monocrystalline
ture and grain size by X-ray diffractiofXRD) and electron Si clzatchers. Under these conditions3LTi a_torns/cn"i and
microscopy, respectively, before and after heavy-ion irradia-1_01 Au atoms/crd could be measured within reasonable

24 . .
tion. All targets had a polycrystalline structure with somelime” Fourteen catchers were mounted in a well-shielded

texture, and a large grain size on the order of many was magazine where one catcher after another could be rotated in
observed, hence well above the critical size of 10—100 nn{font of an aperture opposite the sputter target to collect sput-
for “grain-size” effects. This original structure was not tered particles from different irradiations. This setup allowed

changed after irradiation with typical fluences of differential yields to be measured &t=0° with an angle
103 ions/cnt. uncertainty of+=2° mainly defined by the RBS beam spot.

Irradiation-induced surface roughness formation is knowrf 0" @ngular distributions a second box was available with
from high-energy irradiation experimeftsand this could three arcs of nine cqtchers at a larger distance of 40 mm to
influence the sputtering yield determination. This effect waghe beéam spot covering anglésbetween+40° and—40°.
clearly observed both in experiments and in simulations o POt Size and mechanical tolerance cause here an angle un-
sputtering at low energies by distorting the angular distribucertainty of =5°. However, the impossibility of reloading
tion which enters in the calculation of the total yiéfdln ~ New catchers during one experiment due to the UHV condi-
order to check for similar effects at high energies we irradi-ions limited the number of measured angular distributions in
ated Au, Zr, and Ti targets with 230 MeV Au ions at different this study.
fluences up to 1% ions/cnf and measured the surface
roughness before and after with atomic force microscopy.

The targets evaporated onto Si wafers had originally a
mirror-like surface with a mean roughness below 20 nm. The The experiments were performed with Au, Zr, and Ti
8 keV Xe sputter cleaning process with varying incidencesputter targets produced by electron-beam evaporation of pu-
angle did not produce any significant change in roughnesgified material onto Si with thicknesses of L.&n. Targets
The surface roughness of Au and Zr targets increased aftgvere sputter cleaned by 8 keV Xe ions situ at different
high-energy irradiations at a typical fluence ofx10Y incidence angles right before the experiments. This might
ions/cnt to a mean value of 50 nm, whereas Ti at this flu-have also helped to prepare steady-state conditions which
ence exhibited distinct surface structures with 400 nm meagould not be reached during the experiment due to the low
roughness. Twice this fluence increased the roughness of Tan fluence. According to the ERDA monitor the surface ox-
to someum, and even at 2 10* ions/cnt the mean value ide layer was reduced by this sputter cleaning process to at
was above 100 nm. This surface roughness could not bgast 0.01 ML, i.e., 1§ O atoms/cr, and did not signifi-
explained by sputtering itself and thus was apparently causeggntly change durip 3 h of irradiation at 10'° mbar®* As

by the high electronic energy deposition. But due to the lim-expected the surface contamination of Au targets was below
ited number of targets which could be mounted for a singlel0 ® ML even at a vacuum pressure of T0mbar.

experiment a compromise had to be made between fluence | and Au ions were delivered from the Munich 15 MV
per beam spot and surface roughness in order to avoid afgndem accelerator with energies ranging from 55 to 275
distortion of the angular distributiorfs. MeV to get a wide variety of energy-loss values. The charge
state dependence of the sputtering yield was tested for each
energy by measuring, first, with an ion charge state delivered
by the terminal stripper and defined by the analyzing magnet,

Most of the known detection techniques for sputtered parand second, after a carbon stripper foil in front of the sputter
ticles are not sensitive enough at this low beam current anthrget. The mean charge state after this post-stripper was
the correspondingly small number of sputtered target atomgypically about two times higher than the incoming charge
Secondary ions can be measured with great sensitivity bigtate, e.g. for 230 MeV Au ions there was an increase from
they represent only a small part of the total yield for 16+ to(29+). The incident particle flux was measured with
metals® Therefore the collection of sputtered particles onthe ERDA detector in two independent ways: by the total
catchers was thought to be the best choice, which also ofount rate calibrated by a Faraday cup with a suppression
fered the additional possibility of measuring angular distri-electrode in front(FC1, see Fig. land by measuring the
butions. The catcher technique has the further advantage afumber of target recoils. Both methods came within 10% to
collecting all ejected species irrespective of mass, i.e., atonmthe same result. The Faraday cup was also used to determine
and clusters as well, and this feature may be of importance ithe average ion charge state of the projectiles after inserting
electronic sputtering. Si wafer material was used as catchetbe additional stripper foil in front of the sputter target as-
due to its high purity. The lighter mass of Si compared to allsuming a symmetric charge state distribution.
the envisaged sputtered atoms reduced the backscattering The typical spot size of the ion beam at the incidence
possibility, making the assumption of a sticking coefficientangle «=18° was 3<3 mn? on targets of 1X12 mnt

D. Experimental procedure

C. Sputtered particle detection
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FIG. 2. Angular distribution of Au particles sputtered with 210  FIG. 3. Angular distribution of Zr particles sputtered with 230
MeV I1*5* ions. The catcher arc was tilted by 15° and 105° to aMeV Au'®" ions.
plane perpendicular to the incoming ions.

] ) ing the general trend for exponents to be around 3. This
size. The beam spot was adjusted by means of an Csl crystg{ercosine behavior was observed by other groups in sput-
on the sample holder and an outside video camera. All IMatering experiments at MeV energies, tdo* However, from
diations were performed at room tempe[%tu[? with a typicalionte Carlo simulations witlRIM-CASCADE (TC) (Ref. 32
particle current of some pnA (1bions/cm?s™*) and thus  generally lower exponents of about 1.5 are dedukble
target heating was negligible. As discussed later the fluencg, These exponents are similar to those extracted from keV
per beam spot had to be limited to some“li@ns/cnf o sputtering experiments as well as from simulatigh. it
avoid excessive surface roughening, therefore, a total fluencgould be mentioned that no effect of texturing was seen in
of 10" ions/cnt was collected for each target by moving the the angular distribution of the polycrystalline targets with

sputter target to different irradiation spots. either(100) or (110 preferential orientation.
The influence of surface roughness on the angular distri-
ll. EXPERIMENTAL RESULTS bution can be clearly seen in Fig. 4. Here the angular distri-

bution of an initially polished Ti target is shown after a flu-
ence of about %10 ions/cnf. The measured mean
Due to the differential sputtering yield measurements lim-roughness of a fewem caused a distinct shift of the yield
ited to #=0° in most cases the total yields had to be calcumaximum, opposite to the beam incidence direction. At 10
lated assuming a certain angular distribution. The corretimes less fluence a mean roughness of about 120 nm was
sponding angular distributions of sputtered particles aremeasured with an almost symmetric angular distribution
however, unknown at these energies. Therefore exemplaground the surface normal. In order to understand this effect
angular distributions were measured for all targets at UHVand correlate it with surface roughness a simulation program
conditions including a study of surface roughness effectswas developed, which probed a certain surface topology with
The angular range of our UHV arc catcher setup was reparallel projectile trajectories. One problem in these calcu-
stricted to—40°< < +40°. However, for Au targets where lations was to model the rather complicated surface structure,
less surface contamination could be expected additional mea-
surements were made with a full angle range in our ERDA TABLE I. Angular distribution parameters of sputtered particles
Setuﬁ5 at a vacuum pressure of 10 mbar. Here we used a from different targets. Projectiles were indentingaat 18°; ions
double arc geometry with ultrapure Al catcher foils coveringwith their charge state and energy are indicated. The exponeit
—90°< #<+90°. One arc plane had an angle of 15° to thethe fit function co% is given as determined from the experiment
incident beam, the other one of 105°. This configurationand from TC simulation.
could also test for azimuthal symmetry around the surfacé&

A. Angular distributions and incidence angle dependency

normal. The catcher surface was in all these measurement@’ Energy ~ Target  Fluence ces
perpendicular to the ingidgnce directjpn of the sputtered at- (MeV) ions/en? Xexo Xre
oms to assure equal sticking probability at all angles.

Angular distributions for Au and Zr targets are shown in1** 210 Au 6.65<10"* 4.3+0.4 1.76
Fig. 2 and Fig. 3 with 210 MeV*P" and 230 MeV A&®* 4.0+0.3
ions, respectively. The experiment in double arc geometrau®®* 230 Au 1.1 10" 36+0.2 1.75
indicates an azimuthal symmetry within the experimental er- 451x10% 3.3+0.3
rors. The distributions can be fitted by a cosine function Ti 3.75x10% 2505 1.42
cos'd with x=4.0 and 4.3, respectively. A compilation of all 7r 1.23x10° 32+04 1.44

the angular distribution experiments is given in Table | show
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1.5 TABLE II. Total sputtering yield of Ti for different ions, charge
1.4f states, and energies at an incidence aagtl8° to the target sur-
1.3f face.{ ) indicates a charge distribution with mean charge stte.
10l and S, denotes electronic and nuclear energy losses according to

SRIM96. Y, is integrated from the measured differential yield at 0
° assuming a c8€ angular distribution for all energies, given with-
out systematic errorsee text Yrc is calculated by TC for an 18°
incidence angle an&;g by a thermal spikg TS) model with g

Relative yield
o O -
©

o

) =1.0x 10" W/em® K, corrected by sin'® for the incidence angle;
07 Ytcits is the sum of both, andR, denotes the calculated spike
06 radius.

0.5

04 lon Energy S¢Sy Yexp Yrc Yrs Yrcsts Ro

0'3 1 | . | . | . | (MeV)  (keV/nm) (atom/ion R)
40 'ZOEX“ ang|8 [degree]ZO 40 Au®**) 275 303 0.18 6510 08 41 49 7.0

Auld 275 (152 0.18 3.5-05 0.8 05 12 7.0
FIG. 4. Angular distribution of Ti particles sputtered with 230 Au(2®*) 230 290 021 7#41.1 09 4.1 5.0 7.5

MeV Au’®* ions form a surface with a fesem mean roughness. a6+ 230 3706
The result is compared to a simulation where different surfacey;,26+) 109 223 037 8913 1.6 3.7 53 9.5
roughnesses are assumed. AUt 109 58-09

1(29%) 210 226 0.07 2803 03 08 11 50
as seen in electron microscopy, and its change during thgs+ 215 1.2+0.2
irradiation. The result of such simulations for different (21+) 55 141 022 2503 10 07 17 80
roughnesses is compared in Fig. 4 with the measured distrj7+ 55 (7)@ 022 2203 1.0 04 14 80

bution. The characteristic shift and slope of the distribution is

well reproduced, but in view of the necessary simplification?AssumedS, value of nonequilibrium charge state for TS calcula-

of the topology the simulation can only give an estimate of tion.

the effect. Nevertheless, to avoid too large a roughness influ-

ence we used a fluence limit during irradiations of Ti onexperimental incidence angle=18°. The results are pre-

individual target spots of %10 ions/cnf. This beam- sented separately for projectiles with a single charge state if

induced roughness problem was found to be less severe f@efined by the analyzing magnet after the accelerator, and for

Zr and Au targets. those around the mean charge state if produced by post-
The incidence angle dependence of the sputtering yiel8tripping. The projectile energy loss at the target surface in

enters in comparisons between measurements and simufBbles I1-1V was calculated withrIMI6 *® which takes into

tions as well. No data were available on this dependency @&ccount the velocity-dependent equilibrium charge state.

high energies and especially on its roughness dependence. The experimental differential yiel'y;¢;(0,R) was mea-

For the latter we trusted our simulatfSrwhich reproduced sured at 0° and at a distané The total yieldYey, was

low-energy sputtering data of Ktneret al?® and did not o _ _

show any influence of the surface roughness on the incidence TABLE IlIl. Total sputtering yield of Zr for different ions, charge

angle. The incidence angle could be varied in our ERDAStates, and energies at an incidence aagtl8° to the target sur-
: — face. Assumed angular distribution f¥,, total yield integration

setup from vertical to flat incidence, thus exemplary mea- ) xp
P plary as cod? for TS calculationsg=2.6x 102 W/cm® K was used.

surements were performed on smooth Au targets at inciden ¢ further explanation see Table Il

anglesa of 90°, 55°, and 20° with 230 MeV Au ions. An P '
increase of the yield was measured fram=90° to «

8 lon Ener S Y Y Yis Y R

=20° by a factor of 5.0, slightly steeper than 3.8 as calcu- oy S S exp CTC TS TTCHTS 1O

; ey (MeV) (keVInm) (atom/ion A)

lated by TC for pure nuclear sputtering. The measured inci-

dence angle dependence could be fitted by 'sirwith a  Au‘®*) 275 323 023 2803 1.0 1.4 24 80

best-fit value off =1.5. Auls* 275 (162 0.23 1.9-0.2 1.0 0.2 1.2 8.0
Au®t) 230 303 0.27 2804 11 14 25 9.0

Aul®t 230 1.7:0.2
B. Charge state and energy loss dependence AU 109 21.8 047 5507 1.9 1.8 3.7 11.0

In order to discriminate between nuclear and electronigayit+ 109 3.6:0.4
effects in sputtering we used ion/energy combinations whergzs+) 210 244 010 0801 05 02 07 6.0
the nuclear energy losS, was similar for a certain target |15+ 210 (122 0.10 0.5-0.1 0.5 001 05 6.0
material and the electronic lo&; different, and vice versa. [(20+) 50 148 026 1702 14 04 18 80
Thus the electronic energy loss varied from 11 keV/nm to 6Qs+ 59 (7)* 026 1.3r02 14 01 15 80

keV/nm and the nuclear from 0.1 keV/nm to 1.1 keV/nm. All
our experimental results on Ti, Zr, and Au targets are sum2AssumedS, value of nonequilibrium charge state for TS calcula-
marized in Tables II-1V. Note that all yields are given for the tion.
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TABLE IV. Total sputtering yield of Au for different ions, charge states, and energies at an incidence
anglea=18° to the target surface. Assumed angular distributionfgy, total yield integration was cé$;
for TS calculationgy=2.3x 10*° W/cm® K was used. For further explanation see Table II.

lon Energy Se S Yexp Yrc Y1s Yrcets  Ro
(MeV) (keV/nm) (atom/ion A)
Au(®t) 275 59.8 0.54 124158 25 3.1 5.6 6.0
Aulst 275 (309)° 0.54 12.4-1.48 25 2.8 5.3 6.0
Auf2ot) 230 55.4 0.62 1181.4 3.0 4.1 7.1 6.5
Auttt 230 (30)° 0.62 10.6-1.1 3.0 3.8 6.8 6.5
Auttt 109 (3P 1.10 13.4-1.6 5.3 17.2 225 8.5
Auttt 109 (3P 1.10 13.4-1.6 5.3 13.% 18.4 8.5
Auttt 109 an® 1.10 13.4-1.6 5.3 14.3 19.6 8.5
|15+ 210 (45.9° 022 2.9-0.3 1.1 0.3 1.4 45
121+ 55 22.7 0.63 8311 4.1 35 7.6 7.0
17+ 55 (1n°® 0.63 10.3-1.3 41 3.1 7.2 7.0

8Enhanced yield due to small grain size.
bAssumedSe value of nonequilibrium charge state for TS calculation.
€g=0 for TS calculation.

calculated assuming a cosine function’¢oas determined Thus the observed charge state effect is a clear indication of
from the measured angular distributions. The total yield in-electronic effects in sputtering of Ti and Zr. In contrast, no
tegral can then be written as charge state effect is seen in sputtering of Au targets. For a
more quantitative discussion of the charge state dependence
an exact knowledge of the energy loss “history” of the ions
along their path into the material would be necessary, from
which the integrated energy deposition near the surface could
=Yair(OR)27R*(x+1) (1) be calculated. This interesting but complex problem is be-

andY,, calculated with the tacit assumption thais inde- yond the Scope of this paper as well as is the exact (_jep_en-
pendent of the energy for one specific ion in this energ)ﬂence on single charge states. The following qu_antlte_mve
range. comparisons are_restrlcted, there_c_)f, .to the sputtering ylelt_js
Most of the measurements for Au targets were repeated iwlth ions post-stripped to the equilibrium charge state distri-
different experimental runs and reproduced within 15%.bution.
Some data points were repeated for Ti and Zr targets as well We notice a second signature for electronic effects by
and a reproducibility was found of about 20% for differential Comparing experiments with similar nucle&s,j but differ-
sputtering yields including the error of RBS catcher analysisent electronic §;) energy loss, where nuclear sputtering
Thus we estimate the differential yield error to be 20%. Foralone would produce similar yields. Such a case represents
the experimental error of the total yield we have to considesputtering with 55 or 59 MeV | ions and 230 MeV Au ions
the uncertainty of the angular distributioisee Table )]  which have in each material almost the saSeat the sur-
which contributes a rather systematic error of about 25% tdace but two times moreS, with the heavier projectile.
the total error. In Tables 1I-IV the total yield error is given Tables Il and Ill show that the measured yield&. () are
without this systematic part since this error does not entehigher for Ti and Zr by more than a factor of 2 and follow
into relative comparisons within one table. the S, increase. The Au yields in contragtable IV) are
Inspection of Tables II-IV reveals two clear signaturessimilar within experimental errors, indicating once more the
for electronic effects. First, comparing measurements witHow electronic sensitivity of Au.
Au ions of the same energy but different charge states, an However, theS, influence on sputtering cannot be ne-
increase is seen in Ti and Zr for the higher charge statg@lected even in this high-energy regime. An example is the
clearly outside the experimental errors. An almost doublingsputtering with 109 MeV Au ions and 210 MeV | ions, where
of the charge state by post-stripping produces without excepS, is similar, butS, differs by more than a factor of 4. As
tion at least 50% more sputtering yield. This cannot be exexpected for nuclear sputtering, an increase is seen for all
plained within the framework ofnucleaj collision cascade targets by about the same factor going from | to Au ions. It
sputtering. A dependence 8%, on the charge state of the should be noticed that tH8, values are almost two orders of
incident ion, however, is well known frorfelectronig sput-  magnitude smaller than the correspondgvalues.
tering of insulating materiaf®. Electronic sputtering is re- To summarize, the experiments have revealed angular dis-
lated to the electronic energy deposition which in turn de-tributions which are more peaked around the surface normal
pends on the ion charge state as demonstrated in energy lasgn at keV energies. Clear evidence has been found for elec-
measurements with different incidence charge stit&. tronic effects for Ti and Zr in the charge state and energy-

/2
Yexp= Ydiff(o,R)szzfo cos(6)sin(6)d 6
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loss dependence, but the effects are by far not as large as for aTe 1
r

insulators and thus nuclear contributions are still apparent. Ce(Te)W_

P T,
r rKe(Te)(?—r —0-(Te=T))+A(r,1),
(2
IV. THEORETICAL CALCULATIONS T 1
J J
A. Comparison to MC simulations C|(T|)(9—t| =T +9-(Te—T), B3

aT,
ANIQ Iy
Sputtering caused by collisional cascattasclear sputter-

ing) can be simulated by programs Such T&M-CASCADE whereT, |, Cq,, andK,, are the temperature, specific heat,

(TC),225RIMI6 % or TRIM-SP.3° These programs use theim and thermal conductivity for the electronic system and the

algorithms for calculating the electronic and nuclear stoppind2ttice, respectively. The initial energy densify(r,t) is
powers, and tabulated values for the surface binding energ2ken from a spatial distribution functidf(r) of the delta-
The total yield integration of particles surpassing this energy@y €nergy depositidfi and a Gaussian distribution in time
is performed with internally calculated angular distributions.G(1):
Measured sputtering yields in the nuclear stopping power
regime are typically reproduced within a factorpgc Zg,] lgut it A1) =bS G(OF (1) =b S, exrl — (t—to) /2t] - F(1),
should be mentioned that different programs vary by the (4)
same factor. The measured yield¥.(,) are compared in with t, equal to 10*° s is the time required for the electrons
Tables Il =1V with MC simulations by TCYtc). The cal-  to reach thermal equilibrium. Att4 the energy deposition is
culated yields reproduce qualitatively the trend for differentstopped in the calculatiorh is a normalization constant so
energies and ions, but most of the experimental values anat the total energy input is equal 8.
underestimated in the case of TC, typically by about a factor Depending on the amount of energy transfered to the
of 3 for Au and Zr and up to a factor of 8 for Ti, which is atomic system and the reached temperature, specific phase
clearly outside experimental errors and TC uncertainties ashanges can be induced such as transitions from the solid to
well. This points clearly to non-cascade contributions in theliquid phase or liquid to vapor phase. A fast quench of these
observed yields. The calculated TC values must follow thephase changes is supposed to freeze the defect, and this has
nuclear energy loss, andrc shows, for example, a small been experimentally observé*?>**The only free parameter
decrease going from 55 or 59 MeV | ions to 230 MeV Au in the calculations is the electron-phonon coupling vajue
ions in Ti and Zr. This is in strong contrast to the measuredvhich has been determined by fitting electronic stopping
distinct increase and is again a hint for non-cascade contripower thresholds for damage creation in several metals, as-
butions. suming that they are formed during the quench of a molten
phase. The electron-phonon coupling vatiiean be calcu-

B. The inelastic thermal spike(TS) model lated as follows using parameters of the specific matéfial:

Only a small fraction of the energy of the incident heavy w4 (kgznvsg)?
ions is indeed stored in collision cascades at these energies 9= T18K (T 5
and the major part is distributed in the electronic subsystem ee
of the target by electronic excitation and ionization. Time  whereuv is the sound velocityn, the atomic density, and
elastio thermal spik&®?2 model was developed to describe the number of electrons participating in the thermal spike.
the energy transfer from the electronic to the atomic systenCalculated values for noble metals wil+1 are quite in
via electron-phonon coupling. This is assumed to be thegreement with those determined by fs laser experirfitoits
dominant energy transfer mechanism, because a Coulonfbom thermal-conductivity measuremenfs® The two pa-
explosion of the ionized atoms is not effective in conductorsrameters in Eq(5) on whichg mainly depends are the ther-
due to the experimentally shown large mobility of the mal conductivity and the sound velocity. The latter is propor-
electrong®® The inelastic TS model considers the electrons intional to the square of the Debye temperatifreyhich by
a metal to be described by a quasi-free-electron gas and tlieself is inversely proportional to the atomic mass of the ma-
thermodynamic properties of the atomic lattice by experi-terials. Furthermore the thermal conductivity of Au is at least
mentally known parameters. The time scale of a thermabne order of magnitude larger than the one of Zr or Ti. Both
spike is very short since the energy is deposited by thelependencies together result in a two orders of magnitude
heavy-ion projectiles within 10'®s, shared between the difference of theg values of Au and Zr or Ti, respectively,
electrons within 10%°'s, and thermalization in the lattice which is also seen in fs laser experimeH{tThis difference
occurs within 103 s, thus the use of equilibrium thermo- mirrors the individual density of electronic states at the
dynamic parameters may be questionable. However, this af=ermi energy, too, and explains the different electronic be-
proach has reproduced a large number of effects in the eletyavior of these metals.
tronic stopping power regime and is the only quantitative Very different effects could be reproduced by this inelastic
model at present. TS model: the influence of the irradiation temperattirthe

Following the description in Refs. 16 and 22 the energyvelocity effect!>*”“° electronic annealing in F&* and
diffusion in the electronic and atomic subsystems at ttme even track diameters of (g cluster beams’ This supports
and at a distance from the ion track assuming cylindrical the reliability of the TS model and the thermodynamic con-
geometry is described by two coupled differential equationsgept behind it.
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C. Extension of the inelastic thermal spike model to sputtering 10

Exp

TS(Se)
TS(Se+Sny|
TC

The existing TS model, however, was not developed tog
calculate sputtering yields that may be regarded as a logicaa
extension of the model. Indeed sputtering could be linked toS
the evaporation of particles at the surface of the irradiated% 6
material and consequently damage creatioelt phasgand I
sputtering(vapor phaseshould be described with the same
set of parameters. Thus the TS model was extended to cal
culate the number of evaporated atoms for the metallic tar-3 2
gets in this study. Similar to Sigmund and Claussen’s ap-*

SEOnm

4

tering yiel

proach for sputtering by elastic-collision spiRka statistical 0 7
thermodynamic ansatz was made using a Maxwell- &4
Boltzmann equation to describe the thermal distribution of &

the target atoms. Following this concept the evaporation rate
¢ can be written as
FIG. 5. Simulation of Ti sputtering yields for different ion/
— . _ energy combinations. Measured valué&xp) are compared to TC
ST D]=NarkaTy(1,0/(27TM) - exiT = Us /kaTy(r 't)(]é) simu?gtions(TC) and TS calculations withpheating bypthe electronic
energy loss with only Se or together with the nuclear energy loss
wherekgT,(r,t) is the energy of a lattice atom with malgs  (Set+Sn).
at a radial distance and at a timet. N, is the number of
atoms per crhandUy. is the surface binding energy which is creation in Zr at high energi&&**failed completely, with or
usually equated with the sublimation energy. For the thermalvithout superheating. Probably due to less effective electron-
conductivity of those atoms above vaporization temperatur@honon coupling and the rather high sublimation energy
we used values derived by SigmdAdvhich increase with none of the ion/energy combinations delivered an electronic
the square root of the temperature. By integration of (&Y. contribution to sputtering. But the experiments have clearly
over timet and space, one can deduce the total sputtering indicated electronic effects in Zr sputtering.
yield Y¢s. Instead of Sigmund and Claussen’s analytical so-
lution, these equations were used inside the existing TS pro- D. Inclusion of nuclear heating in the inelastic thermal
gram which calculates numerically the energy and tempera- spike model
tu_re developm_ent in time and space. In order to compare it Since the experimental results also suggested the impor-
with the experimental results the calculated values were cote

rected for the measured incidence anale dependence nce of nuclear energy loss, the energy stored in the colli-
S 9 P on cascade was taken into account for track heatiog-

1.5
smN Olf' ¢ ists in th tended TS teri lision spike,” see Ref. 30, and references thereand
| OI tr_ee p_?rame ertetX|sbs n ?texten.tﬁ i SQI_US erlT%dditionally implemented into our extended TS model. The
caicuiations 1t we want to be consistent with eariier @ nuclear energy deposition was added in the equation describ-
culations of electronic effects in met&fsFrom fits of elec- ing the temperature distribution in time and space of the
tronic damage thresholds and various track radii it®ff.an atomic systenfEq. (3)]. In analogy to the electronic energy

electron-phonon coupling valug=1.0x 10" W/cm 3K 1 : : S
was deduced. TS computation results with this value argensnyA(r,t) the nuclear energy densiB(r,t) is written as

compared in Fig. 5 to the experimental results of Ti where B(r,t)=b,S,Gn(t)Fu(r), 7
the collision cascade contribution calculated by TC was

added for better comparison. The TS simulation is in thewhich is normalized tdS, by b,. The time-dependent part
same range as the experiments, but the general trend with tl6&,(t) of the energy deposition is approximated by
energy is not reproduced, and the yields are obviously under-

estimated by a factor of 2—3. Gn(t) =exp(—t/7), (8)

I_Due to the fast t|m% scale_ for the energy transport in theand the exponential decay has a time constamhich can be
lattice of less than 10" s typically superheating can occur.

o . : estimated from the average energy and respective range of a
In this situation the matter can reach higher temperature g 9y P 9

. . > ascade. According torIM-sP simulations a few keV are
leading to faster cooling rates. Superheating has been derﬂéposited to each atom, resulting in a typical range of 10 A.

onstrated in pulsed laser irradiations with fs pulse.l.hiS gives between 10° s and 10% s for the deposition

53,54 ; : ; _
ey above CACLALon i s o ST e 7 a5 a st approac n ageemert wih Sgminaie
culations with latent heat for the Ti case have revealed sputs-paCe distributioriy(r) of the energy density is written as

tering yields more than one order of magnitude higher than F (r)=1/r-exo —r/R 9
the measured ones. Thus we decided to perform all the cal- (") X o) ©
culations without latent heat assuming superheating. with a “spike radius” R, (where 66% of the total nuclear

However, sputtering yield calculations for Zr usingga energy is depositedThis quantity is connected to the mean
value of 2.6<10'2 W/cm 3K ™! as determined by damage energy and the related mean range of scattered recoils form-
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TABLE V. Total sputtering yield of Au on Au at vertical inci- 6 ‘ ‘ j
dence.Ye,p is from Ref. 21, TS calculations are with=2.3 Nuclear stopping power |——R=0nm
X 101° W/enr® K, and spike radiuf, is deduced as in Ref. 20. See
also Table II.

Energy S¢Sy Yexp Yrc Yrs Yrcsts Yrsg-0) Ro

(keV)  (keV/nm) (atom/ion R)
100 08 7.8 545 17 60 77 129 22 1
200 09 88 6265 19 67 86 23 S
700 1.8 10.0 7&7 22 84 106 221 24 -8
1400 24 96 6655 21 76 97 25 = 41
3000 3.2 82 4435 18 48 66 113 27 o 5
E AN
-09 2 I ’l' ..:-.
. . . 2 [P S
ing the collision cascade. Sigmund and Claussen, for ex% e

ample, found a value oR,=15 A to reproduce sputtering 0

data of Sb on Ag at keV energi@5At our much higher

energies the mean energy trangf€y to a target atom can be 0

calculated from elastic scatterifigln case of Au-Au sput- 8t

tering,(T) varies from 9 keV for 10 MeV incident energy to 6|
4
2
0

230 eV for 300 MeV. Assuming that low-energy atoms are
mainly emitted perpendicular to the ion trajectory, one gets
spike radiiR, from 27 A to 6 A.

E. TS calculation for Au, Zr, and Ti sputtering 0 1107 210™ 3107 410%™ 510™ 6107

To test the implementation of nuclear heating in the new Time (s)
inelastic TS model, Au self-sputtering was calculated around
the nuclear stopping maximum, i.e., for Au ions around 1
MeV, and compared to recent measurements by Anders

20,21 H H
etal: Using a variableR, value as deduced from the ions with equilibrium charge stateThe sublimation energy of Zr is

: PN —13
experimental data and a deposition time2x10"™"s, the g3 eV, The contributions of the nuclear and electronic stopping
measured yields could be reproduced within a factor of 1.5ower are separated.

(Table V). Y15, 1¢c includes the contribution from elastic col-
lisions calculated by TC, which by itself represents 40% of . . . .
the total yield at the most. We have tested the sensitivity ofVith the experimental resultésee Table IV. A simulation
the calculations on the two parameters which were newlyVith 9=0 as shown in Table IV for 109 MeV Au ions lowers
introduced into the TS model by the nuclear spike compoh€ number of evaporated atoms by 25%, pointing to the
nent. The influence of the deposition timen the total yield ~ contribution from the electronic energy loss.
was found to be weak, and a variation fronx 50”4 s to Repeating the TS calculation for Zr, but now with inclu-
2x10 '35 induced only a 10% decrease of the sputteringsion of the nuclear component, the synergism of both com-
yield. A change of the spike radilR,, however, was more ponents becomes obvious. For the case of 230 MeV Au ions
important. Using the fixedR, value from Sigmund and with an equilibrium charge state 29the calculated time-
Clausse of 15 A increased the TS yield by almost a factor dependent energy per atom is shown as an example in Fig. 6
of 2. Although the electronic energy loss and the relatedat different distances from the ion track. Like electronic heat-
energy input are negligible at these energies, the electroning, as mentioned before nuclear heating alone cannot lift
phonon coupling still plays an important role. Reducing thelattice atoms above the sublimation threshblgof 6.3 eV.
value ofg from 2.3x 10'°°W/cm 3K~ to zero increased the However, with electronic and nuclear heating together, atoms
calculated yield by a factor of 2—3 demonstrating a coolingclose to the spike center clearly reach energies well above
effect of the electrons in our TS model. the sublimation energy. From this figure one can also esti-
Introducing the nuclear spike component also in the simumate the efficiency with which the nuclear and electronic
lation of our high-energy Au sputtering experiments, whereenergy input is transferred to the lattice atoms. A collision
the highess, values(1.1 keV/nn) are reached, clearly dem- cascade created by 0.27 keV/nm nuclear energy loss pro-
onstrates the importance of nuclear heating. Whereas thduces a similar energy per atom as a one hundred times
electronic energy loss alone is not sufficient to evaporate Atnigher electronic energy 10480.3 keV/nm). This is due to
atoms(in spite of values up to 60 keV/nmtogether with  the much more effective elastic-scattering energy transfer
nuclear heating the TS simulation produces a substantial comompared to the electron-phonon coupling mechanism. All
tribution to the sputtering yield. Therewith the total simu- TS calculations for Zr with inclusion of the nuclear energy
lated yield (TC and TS addedis in reasonable agreement component are presented in Table Il showing remarkably

FIG. 6. Simulation with an extended TS model for Zr sputtering.
The transfered energy per atom is shown as a function of time for
&hrious distanceR to the ion path(in this example 230-MeV Au
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good agreement with the experimental data. Both the absaealistic value folK;. Open questions concern the validity of
lute yields and the energy trends are well reproduced. the extrapolated values which are used for the specific heat
The addition of a nuclear component improved also theand the thermal diffusivity at temperatures well above the
TS result for Ti substantiallysee Fig. 5 and Table)lINot  evaporation temperature. Regarding all these uncertainties on
only are the absolute yields closer to the experimental rethe lattice parameters, the calculations in the present paper
sults, but also the energy dependence is much better reprarere performed in the same way as the previous 6rfé$°
duced. The importance of the nuclear contribution becomes order to be consistent.
evident especially for the lowest Au and | ion energies, The implementation of nuclear heating has introduced
whereS, has its largest an8, its lowest values within this two new parameters. As said before the calculation is not
study. very sensitive to the deposition time A more sensitive
The experimentally observed charge state effect on thearameter isR,, the cylinder radius, in which most of the
sputtering yield was simulated in our TS model using differ-nuclear collision energy is deposited. We have used the mean
entS, values. From specific energy loss measureniéfts  range of lattice atoms with a mean energy as deduced from
linear dependence db, on different charge states can be elastic scattering. However, nothing is known about the ef-
deduced as a first approximation. Regarding the factor ofective size of a nuclear spike at our high energies.
almost 2 between the experimentally used charge states, An additional energy transport mechanism could be the
some yield calculations were performed for ion irradiationspressure pulse necessarily connected to the fast density
in a nonequilibrium charge state with half of tls®iM96  change of the liquid or vapor phase. A rough estimate gives a
energy loss valuégiven in brackets in Tables lI-IVFor Ti  value of 5 GPa which may also contribute to sputtering. Such
and Zr a decrease in the sputtering yield for the lower charga mechanism was proposed by Jakasl>’ to explain the
state can be seen whereas for Au the chand®, idoes not large measured sputtering yields of rare gases and by Bringa
affect the yield. Thus the electronic sensitivity or insensitiv-and Johnsdti to simulate an ionic spike. The observed over-
ity, seen in the charge state dependence, can be reproduceakine angular distribution has also been seen in molecular
by the TS model as well. dynamics(MD) calculations® and may be an indication of a
pressure pulse contribution similar to the recently found jet-

like component in LiF sputterintf’
F. Discussion of the extended thermal spike model

The overall agreement observed between the thermal
spike predictions and the experimental results should not
hide the hypotheses and assumptions made for the calcula- Sputtering experiments with swift heavy ions on metals
tions. Electronic sputtering is assumed to be the evaporatiosuch as Ti and Zr have given clear evidence for electronic
of atoms from a hot surface area heated by an inelastic theeffects, i.e., an influence of the electronic energy I8s®n
mal spike. The surface temperature is equated to the bulihe sputtering yield. Using appropriate ion/energy combina-
temperature as calculated in the TS model in cylindricaltions an increase of the sputtering yield is seen with increas-
symmetry without consideration of any axial gradient. Theing S, but with constant nuclear energy l0Ss. A similar
symmetry break at the surface can certainly influence theffect is observed by varying the ion charge state which is
surface temperature and could be implemented by an addknown to affectS,. Doubling the charge state under other-
tional coordinate. wise unchanged conditions increases the sputtering yield sig-

The free parameter is the electron-phonon coupling valuaificantly. Both findings cannot be explained by a linear col-
g for which we have used a value determined by fitting thelision cascade theory, i.e., nuclear sputtering. In contrast to Ti
threshold of damage creation linked to the molten pR&se. and Zr no such electronic effects have been observed in sput-
For Ti and Zr the extracted values are in agreement with théering of Au targets. This behavior was in accordance with
calculated ones using E¢p) if the number of electrons per the expectation of an inelastic thermal spike model which
atom of z=2 is assumed. However a four times low@r deposits the energy loss after an energetic heavy ion impact
value was measured in fs laser experiments for Ti, pointindgn matter primarily in the electronic subsystem and transfers
to z=1. This may be related to the high electronic excitationit subsequently to the atoms by electron-phonon interaction.
induced by the heavy ions as compared to the low excitation The measured yields are not as large as, for example, in
by laser. But what is more important is that thealues are  electronic sputtering of insulators, but definitely above the
deduced from the melt phase and used for particle evaporgredictions of a collision cascade theory. The existing TS
tion from the vapor phase. model was extended, therefore, to simulate electronic sput-

Another important parameter is the time during which thetering by an evaporation process of particles. However elec-
lattice stays above the vaporization temperature. This tim@onic heating alone was not sufficient to evaporate Zr atoms
depends on the lattice thermal conductiviy and on and the nuclear energy loss input of the ions had to be con-
whether or not superheating occurs. If we assume superheatidered in addition. This extra heating mechanism was mod-
ing and a thermal conductivity calculated from the thermaleled using the well-known concept of an elastic collision
diffusivity within the kinetic gas theoRy an overall agree- (nucleaj spike. Simulations with electronic and nuclear
ment was obtained with the measured yields. It is clear thatieating together reproduced the measured yields of Zr and Ti
increasingK, without superheating would also reproduce thewithin a factor of 2. Metal sputtering seems to be the first
experimental data. But then we would have to insert an unease in which a synergy of both heating mechanisms can be

V. CONCLUSION
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clearly seen, apparently due to comparable contributionsontributions (electronic or nuclearto sputtering at high
from electronic and nuclear effects—in contrast to insulatorsenergies.

The inclusion of a nuclear spike component in our TS model
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