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Heavy ion cratering of gold
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Irradiation of gold films with Xe ions in the energy range 50—-400 keV has been monitoredinssitg
transmission electron microscopy. Craters are produced and annihilated on the irradiated surface at all ion
energies studied. Approximately 2—5% of impinging ions in the energy range 50—-400 keV produce craters
with sizes as large as 12 nm for the higher-energy irradiations. Crater annihilation occurs in discrete steps, due
to subsequent ion impacts, or by annealing in a continuous manner due to surface diffusion processes. Crater
creation results from flow associated with near surface cascades. Discrete crater annihilation results from
plastic flow induced by ion impacts, including those that do not themselves leave a crater, and annealing that
may occur during the quenching phase of cascade thermal sp8&K53-182607)07046-X

INTRODUCTION EXPERIMENTAL

The interaction of energetic ions with solid surfaces ha lon irradiations were carried out in a Hitachi H-9000
9 STEM operating at 300 keV at the IVEM/Accelerator Facility

been studied for more than 40 years and for many Combin%cated at Argonne National Laboratdhyin the IVEM/

tions of ion and solid the energy deposition process is reaAccelerator Facility, the ion beam is oriented 30° from the

sonably well known and understood. In particular, when themicroscope axis, and the specimen was tilted 15° towards the

individual collisions in the cascade can be regarded a|Son beam so that both ions and electrons were incident on the

simple, independent binary events, linear transport theo% ecimen at 15° to the foil normal. Specimens were irradi-

provides a reasonable description and yields parameters suc bd with X€ ions at energies of 50, 200, or 400 keV at dose

as the sputtering yield that are in moderately good agreemeilies between 1 and 25 $donsicn?/s. Au films, 62
with measurement. However, when the projectile mass+5 nm thick with a(100) surface normal, were made b
and/or the atomic mass of the substrate are large, the me%_gl ' y

free path between recoil collisions is on the order of one ermal evaporation of 99.999 at. % pure starting material
atomic spacing, and a highly disturbed volume known as a nto NaCl at a temperature of 350 °C. Small pieces of Au
atomic displacement spike or energy spike is crekfeth iIm were floated off the NaCl on a wate_r/alcohol mixture
this case, the assumptions of the linear cascade model bregfgg plfckedfupton either Au O(; Cu_ TSM.gr;ﬁS'TEM by def
down. The energy density in the spike corresponds to tem- urtace features were made visiie in the Dy deto-
using the objective lens of the microscogtypically

peratures well above the melting or perhaps even the vapoﬁ
ization temperature of most materials. ~1000 nm of underfocys The phase contrast generates a

Effects attributed to spike processes have been observé:ﬁfesnel fringe around the feature even though little or no

for heavy-ion and molecular ion bombardment of a numbephickness contrast is discernible at focus. In underfocus, cra-
of materialss=® In a recent publication, the present authors

ters appear white surrounded by a dark fringe whereas par-
and colleagues carried out heavy-ion irradiation of gaold }'rflgz;ggzetgu;?rﬁa?ppf;gd?;k;2”}%%2?;?} bymaalcljgehtdfglr?r?e.
situ in a TEM in order to examine the effects of post- P grap g g
irradiation on helium gas bubbles in gold fofl8oth the

interruptions of the irradiations, images from a Gatan 622
) ; video camera and image-intensification system were continu-
disappearance and motion of bubbles appeared to result frogy,q)y viewed with total magnifications of approximately 2
spike effects. In a second publication, the present authorgijlion, and recorded during irradiation on video tape with a
reported on the production of holes in very thin TEM gold time resolution of 1/30th ga single video frame
foils as a result of single-ion impacts. The possibility that craters may be created by the emis-
The present work reports an situ TEM observations of  sjon of large fragments was examined by collection of all
gOld during heaVy'ion irradiation. This work centers on thesputtered Au atoms on a thin amorphous carbon foil 20 nm
formation of small craters and their subsequent annihilationn thickness placed approximately 40n from either in front
both by irradiation induced processes. Observation of cratefgf or behind the irradiated gold film. This allowed the TEM
following heavy-ion irradiation of gold was reported by to be focused on the carbon foil in order to detect the arrival
Merkle and Jger’ and led to conclusions concerning both of gold clusters without interference from the image of the
the contribution of spike effects to the overall sputteringay foil. The resolution was sufficient to detect particles 1 nm
yield and the mechanism responsible for crater formationin diameter.
The in situ irradiation facility used in the present work has
enabled us to video record, at high magnification, both the
appearance and disappearance of craters during continued RESULTS
irradiation. This has allowed identification of surface flow
processes rather than simply the ejection of material as being Figure 1 shows images that have been digitized from
responsible for crater formation. video recordings made without interruption of continuous
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FIG. 1. Imageddigitized from video recordinggesulting from
single Xe ion impacts af) 50 keV, (b) 200 keV, andc), (d), and
(e) 400 keV Xe ions(f) an isolated particle which appeared on the
surface(between video framesluring irradiation with 400 keV Xe

ons FIG. 2. The creation and annihilation of a crater as a result of

impacts of individual 400 keV Xe ions. The numbers are video

_ o o ~ frame numbersi.e., time steps in units of 1/30.s
irradiations at room temperature. The craters visible are simi-

lar to those reported for Au irradiated with Brand Bt  energies of 5 keV and belol.Although, in the simulations,
ions® Each crater occurred between video frames as the resluster sizes were typically between 5 and 20 atoms, the
sult of a single ion impact. Unlike our Xe irradiation of very significantly higher energy used in our experiments might be
thin bulk Au specimeng no holes were produced by ions at expected to give rise to somewhat larger clusters. To deter-
any of the energies studied. Figur@)l recorded during a 50 mine if this process occurs, sputtered material was collected
keV Xe irradiation, shows a small crater that is typical ofon a 20 nm thick amorphous carbon foil placed either in
small craters observed for irradiations at all three energiefont of or behind the gold film. Nucleation, clustering and
studied. Figure (b) is a somewhat larger faceted crater, cre-growth of a sputter-deposited gold film on the carbon was
ated by a 200 keV Xe ion, which has impacted close toobserved, however cluster arrival was almost never ob-
pre-existing small craters. The craters in Figgc)11(e) served. Specifically, for the 400 keV irradiation when the
were all formed by 400 keV Xe ions and in each case, macatcher foil was in front of a Au specimen mounted on a Au
terial is deposited on the surface concomitantly with crateTEM grid, two particlegone~5 nm and the othex2 nm in
formation. In Fig. 1c), a faceted crater is surrounded by a diametef were observed in an area of 2485 nm during an
faceted island. In Fig.(#), a two-part “lid” appears to have irradiation to a total dose of 810" ions/cnt. A crude esti-
been ejected from the crater. Such lids were not observethate of the probability of cluster emission by a 400 keV ion
during 50 keV irradiations. The contrast in Figelis con- is ~3x 10 ° particles/ion corresponding to approximately
sistent with a faceted crater and a quenched droplet of molteone particles per 2000 craters. Crater formation is thus not,
material that has been ejected on ion impéEhe light con-  in general, accompanied by the ejection of crater-sized par-
trast to the right of this crater is the remnant of a pre-existingicles.
crate). If it is assumed that the expelled material in this case The static images give an incomplete recording of crater
has cylindrical symmetry, then it contains approximatelyformation. The “live” image during continuous irradiation
20 000 gold atoms. If all the material in this droplet camereveals a rapidly changing crater population with approxi-
from the adjacent crater, the crater would be approximately 4nately seven craters in the field of view (110 x8b6 nm) at
nm deep. On this basis, the largest craters could involve aany time. At the dose rate of 2410 ions/cnf/s, statisti-
many as 40 000 gold atoms. Finally, Figf)lshows a par- cally, there is one ion impact per second on the area of each
ticle on the surface that has appeared between successisegment of Fig. 1. The efficiency of crater creation ranges
video frames with no associated crater within a field of viewfrom 2-5 % implying that the majority of ion impacts anni-
approximately six times the area shown. A statistical analysi&ilate craters without creating new ones. The “life cycle” of
of more than 200 craters reveals that the mean crater areacrater at room temperature is illustrated in Fig. 2. A dis-
increases from 14 nfrat 50 keV to 32 nrhat 200 keV. For  crete change occurring between video frames is clearly the
200 and 400 keV there is no statistically significant differ- result of a single ion impact. To improve picture clarity by
ence in mean crater aréd2 and 34 nrfy respectively. The  increasing the signal to noise ratio, each image consists of an
craters that remained on the Au surface at the end of aaverage of four video frames taken before and after a discon-
irradiation were stable at room temperature for periodginuous change. Figure 2 shows a cratef.5 nm in diameter
longer than several months but disappeared slowly at a tenfermed as a result of a single 400 keV Xe ion impact. The
perature of 440 K. This consistent with thermal recovery bycrater is partially faceted and remains essentially unchanged
surface diffusiort? for 50 video frames £1.6 s) after which time a discrete
The emission of clusters of atoms under ion bombardmeng¢vent causes flow of material into the crater resulting in its
has been observed in computer simulations of ion impacts gtartial obliteration. A few seconds latarot shown, the re-
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maining contrast disappears in a second discrete event. Note c
that, in this particular case, no new crater was observed to N=(J—){1—e_”""¢t}- %)
form within the field of view(approximately six times the a
area showpat the moment that the crater was filled in. How- Thus, after a transient phase, the number of craters per unit
ever, in other cases, material expelled during the creation adrea is given by the rati®./o,. At our highest observed
a crater is seen to fill in a second nearby crater. creation ratefor 400 keV Xe irradiationy the values given
Under steady-state irradiation at room temperature, at r creation probability, 0.05, and annihilation cross section,
dose rate of 2.4 10' ions/cnt/s, craters have a lifetime in 85 nn?, vyield a steady-state concentration of approximately
the range 1-12 s at all three ion energies studied. Smafleven craters in the field of view on the video monitor of
craters are generally annihilated in a single discrete evert10x 85 nn?f. This is an important point, as it implies that
whereas larger craters disappear in two or more steps. Lifgaost-irradiationex situexaminations carried out by Merkle
time measurements on 14 craters with a mean diameter @hd Jger? in which craters on a gold surface were assumed
4.4. nm yield a mean lifetime of 4.9 s for craters annihilatedto accumulate without annihilation during the irradiation,
in a single step. With the assumption that all ion impacts areignificantly underestimated the actual number of crater cre-
capable of annihilating existing craters, the Xe ion has aration events.
annihilation cross section for small craters of approximately Although linear transport theory cannot describe the
85 nn?, i.e., an ion impact within a radius of approximately dense cascades created in Au, it is useful in estimating the
5 nm of the center of a small crater will annihilate the crater.spatial distribution of the energy deposition. The energy de-
posited in damage by Xe ions incident on gold has been
DISCUSSION calculated using the Monte Carlo programim 96.1% A Xe
ion, with any of the three energies studied, deposits most of
The major effect of heavy-ion irradiation of Au, in addi- its energy in approximately spherical volumes between 10
tion to the sputtering of material, is the creation of cratersand 20 nm in diameter. Although, not every atom in this
and the flow of material on the surface. Flow resulting fromvolume is involved in the ballistic cascade, prompt processes
single-ion impacts has been reported in a recent faper result in the distribution of the energy throughout the cascade
which we observed the formation of holes through a thinyolume. Within~10"'s of ion impact, atoms within the
gold TEM foil as a result of a pulsed, localized flow pro- cascade volume will have an average eneEggf approxi-
duced by individual ions impacts. Before beginning the dis-mately 2 eV. Such an energy would result in melting and a
cussion it is useful to summarize the present experimental1% free volume expansion.
findings: The effect of a localized energy deposition will depend

Q) Single xenon ions impacting on a gold film form cra- upon its position_ relative to the specimen surfaces. If the
ters, sometimes clearly faceted2—10 nm in diam- cascade volume is many atomic layers from a surface, there

eter at a rate of 0.02—0.05 cratersfion for ions WithwiII be a confined pressure spike. Assuming for simplicity

energies in the range 50—400 keV. The craters appeépat the kinetic theory of gases applies, the resulting pres-

. re,Pgpikes | im
on the rear surface when the ions are capable of € Mspiker 1S estimated to be

reaching that surface. P o= (2/3NE. 3
(i)  Occasionally, a “lid,” particle or “droplet” is asso- P
ciated with the creation of a large crater. ForE=2 eV this yields a pressure of approximately 13 GPa.

(i) A particle, sometimes faceted, occasionally appear$imilar conclusions concerning pressure haye been reported
on the surface without the formation of a nearby cra-by Averbacket al.based on molecular dynami@élD) simu-
ter. lations of a 10 keV spike in goltf In their work, pressures
(iv)  Craters and particles are thermally stable at room teml" the range 5—-8 GPa were observed to exist at the core of a
perature but unstable under continued irradiation. MaYey small spike from 0.65 to 4.9 ps following ion impact. A
terial ejected from a newly formed crater is some-Pressure spike of sufficient duration may be expected to re-
times observed to directly annihilate a neighboringSUlt in the punching of a dislocation loop when
crater. An ion impact can annihilate a small crater or a
. Pgpi R 4
reduce the diameter of a large crater. The cross sec- spike™ MDIR, @)

tion for annihilation of small craters is 85 fm where i is the shear modulus of the gold,is the Burgers
vector of the loop, an® its radius(assumed to be the radius
The dynamics of crater creation and annihilation can beof the spike.}* On the basis of this simple description, a
described by a simple rate theory. Nf is the number of spike 5 nm in diameter will punch out loops for pressures in
craters per unit ared, is the probability that an ion will excess of 3 GPA, a significantly lower value than predicted
form a crater, andr, is the cross section for crater annihila- by simply considering the theoretical shear moddlSnce
tion by a subsequent cascade, then the chadiye,in the this value is lower than the calculated spike pressure from
number of craters per unit area caused by the arrivat&f ~ either MD simulation or ideal gas considerations, loops gen-

ions per unit area, is given by eration can be expected. The final defect configuration pre-
dicted by this simple model, will be a vacancy-rigbrmerly
SN=P pSt—No,ét, (1) molten core surrounded by punched-out, interstitial-type

dislocation loops. This description is almost indistinguish-
which on integration yields able from the classic spike configuration described by
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Brinkmart? or the picture that has emerged from more re-tion during the time required to record one video frame
cent MD simulationg® The essential difference, however, is (1/30 s) so that all observed craters are the result of both the
that in the current model, interstitial loops are created dicreation and subsequent annealing processes taking place
rectly rather than by the agglomeration of individual intersti-during the quenching phase of the spike as well as any dif-
tial atoms. The appearance of an isolated particle may resultision processes that go to completion at room temperature
from either the punching out of dislocation loops to the sur-on a time scale of~1/30 s.
face or the complete ejection of a solid plug that comes to
rest at some dista}nce fro_m its crater. CONCLUSIONS

Unlike the confined spike, the hot zone of a cascade close
to a surface is able to expand freely in one direction. A likely Craters are continuously created and annihilated on the
consequence of the sudden melting of this volume of matesurface of gold during room-temperature irradiation with xe-
rial, with its concomitant volume change of 11%, is an ex-non ions in the energy range of 50—400 ke .situ obser-
plosive funneling of gold atoms to the surface in a mannewations demonstrate that individual ion impacts are respon-
similar to that observed by Averbacdt al. in molecular- sible for both processes, and that structures are stable at
dynamics simulations of gold ions impacting on gbldve ~ room temperature when irradiation ceases. The efficiency of
believe that the features shown in Figclland Xe) were  crater production is=0.02—0.05 craters per ion and the cross
formed in this way. In particular, features such as that showsection for crater annihilation by ion impact is approximately
in Fig. 1(e) provide strong evidence that surface spikes car85 nnf. Crater formation is not, in general, accompanied by
result in a melting of gold. If the molten core of a spike doesthe emission of crater-sized particles although occasionally
not directly erupt through the surface, the high localized(~1 per 2000 cratejssuch a particle is emitted from the
pressure may result in the ejection of a plug of solid materiaburface. Crater creation and ion-induced annihilation result
which then permits the subsequent explosive flow of molterfrom radiation-induced flow associated with energy spikes.
gold out of the crater onto the surface. We believe that thisis The processes observed here may also be involved in
the origin of the craters with associated lids or mounds a®sther interface phenomena occurring in gold and other high-
illustrated in Fig. 1d). Material expelled from a new crater Z, or high-density metals under ion irradiation. These in-
may flow across the surface and annihilate a nearby prezslude the development of surface topography, grain-
existing crater. It is important to note that, on average, insufboundary movement, ion-beam mixing and gas bubble and
ficient energy per atom is available to overcome the surfacerecipitate behavior under ion irradiation. As the creation of
binding energy of 3.8 eV and that the majority of gold atomsa crater may involve tens of thousands of atoms, the single-
will therefore remain on the surface. ion induced, pulsed localized flow process reported here may

Although the model accounts for experimentally observede the most significant mechanism in determining the inter-
items (i)—(iii) above, it does not provide an explanation for face behavior of dense high metals under irradiation.
the efficient annihilation of craters by subsequent ion im-
pacts[item (iv)]. While material ejected from the small per-
centage of spikes that occur at a surface may result in the
direct annihilation of nearby pre-existing craters, this is not We wish thank B. Kestel for specimen preparation, R. E.
the case for the majority of subsurface spikes. We speculatéook for assistance with analytical measurements, and E.
that during the quenching phase of these spikes, irradiatioRyan, L. Funk, T. McCormick, P. M. Baldo, and S. Ockers
stimulated surface atom mobility of previously ejected matefor assistance with the situ TEM experiments. This work
rial and crater edges combined with defect fluxes to the surhas been supported by the U.S. Department of Energy, BES-
face leads to the annihilation of craters and particles. SimiMaterials Sciences, under Contract No. W-31-109-Eng-38
larly, the faceting of craters and particles, which may beand by a collaborative research Grant No. 910670 from
irregular when created, occurs due to irradiation stimulatedNATO. S.E.D. acknowledges funding from the Materials
surface diffusion processes. These processes go to complgeience Division at Argonne National Laboratory.
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