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From erosion to bombardment-induced growth on Ir(112)
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The morphology of the ion bombarded1t1) surface is studied using scanning tunneling microscopy. At a
temperature of 880 K and ion fluences of the order df 1@ns/n? the experiments show a transition from an
erosion regime to a bombardment-induced growth regime with increasing ion energy at energies of a few keV.
In dependence of ion fluence, for energies exceeding a few keV a transition from bombardment-induced
growth to erosion is observed. The growth effect is caused by the bombardment-induced formation of bulk
vacancy clusters, remaining at the bombardment temperature still stable against diffusion and annealing at the
surface. Annealing experiments show a gradual decrease of bombardment-induced subsurface damage with
increasing temperature. lon energy, ion fluence, and temperature dependence of the growth phenomenon are
explained in terms of an effective damage area below the surface.
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I. INTRODUCTION lowed quantitative studies on the energy and projectile spe-
cies dependence of adatom production, to image even the
lon bombardment is a powerful means for surface nanoadatom damage patterns of single-ion impacts and measure
structuring. Depending on the material, ion energy, fluencethe temperature dependence of the annealing of the bulk
and angle of incidence regular patterns of craters, grooveslamage to the surface by changes in the adatom
ripples, or dots may be creatéd By atomic scale studies coverage?'°These measurements provide a key element of
during the recent years it became evident that the formatiothe experimental basis for our current understanding of ion
and evolution of these nanostructures is intimately linked tdoombardment damage of metal surfaces, which distinguishes
the temperature-dependent balance of defect production arido scenarios in dependence of the primary energy.
defect annealing. Up to a few hundred eV, damage production may still be
Focusing on ion bombardment of metal surfaces at not to@adequately described by a binary collision picture. In the
low temperatures and not too high ion energiesl(keV) impact influenced volume the primary particle gives rise to
the zeroth-order description of the surface morphologicathe formation of single interstitial atoms, bulk vacancies, sur-
evolution is the picture of inverse homoepitaxy. The sputface vacancies, and adatoms. The interstitial atoms readily
tered atoms leave surface vacancies behind, which are manneal to the surface at temperatures corresponding to a few
bile in the surface layer and agglomerate at surface vacangyercent of the melting temperatufg,. Bulk vacancy diffu-
islands. Due to an asymmetry in the annealing of the surfaceion sets in at about 01, in face-centered-cubidcc) met-
vacancies at step edges—similar to the Ehrlich-Schwoebells and terminates the annealing of the bulk damage to the
barrier for adatom’®—continued erosion leads to the forma- surface?®?! With the onset of the mobility and/or dissocia-
tion of craters. These craters coarsen during continued bontion of the adatom clusters and islandg about 0.3, on
bardment, develop facets and lateral order. While this picturécc(111) surfaced] the sputtered material in the form of sur-
is to a certain approximation fulfilled for a number of well- face vacancy islands is the only damage left. Therefore for
investigated experimental situations? it has a strong im- bombardment temperatures0.3T,,, and at low ion energies
plicit assumption. The damage created by the bombardinthe inverse homoepitaxy picture is a reasonable approxima-
ions—bulk vacancies and vacancy clusters, interstitials, suttion for the surface morphological evolution.
faces vacancies and surface vacancy clusters, adatoms andin the keV primary ion energy range however, the situa-
adatom clusters—anneals by effective bulk and surface diftion becomes, more complex. The energy density created by
fusion such that the only damage species left is the surfacthe primary particle becomes now sufficient to melt the cen-
vacancy due to the sputtered material. Of course, this picturgal part of the impact influenced volume. Due to the lower
must fail whenever the surface and bulk diffusion of thedensity of the liquid this thermal spike expands and melt
damage is limited and damage annealing is hampered.  flows onto the initial surfacé? Because of the heat con-
Historically one of the most important failures of the in- duction into the surrounding the melt cools until the under-
verse homoepitaxy picture for metal erosion is signified bycooled liquid rapidly solidifies from the phase boundaries
the discovery of target adatom production due to ion bomieaving a vacancy rich core of vacancy clusters below the
bardment, the phenomenon that besides surface vacancy mirface and a huge number of adatoms in adatom clusters on
lands due to sputtering adatoms islands are also formed dhe surface. The number of adatoms generally exceeds the
the original surface due to atoms pushed onto the surfaceumber of sputtered atoms by far. Annealing of the ion bom-
layer®'2 The visualization of the adatom production by vari- bardment damage formed in consequence of a thermal spike
able temperature scanning tunneling microsc6pyM) al-  requires generally a higher temperature than the above de-
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scribed low-energy damage formed in the absence of & given in units of monolayer$ML). For Irf(111) 1 ML
spike® Specifically if the vacancy clusters formed are not =1.58x 10! atoms/m. For the experiments the fluence was
connected to the surface, i.e., situated well below it, considyaried between 2010 ° ML and 0.048 ML. The ion flux
erably higher temperatures for damage annealing thah 0.3 was varied between 1010 * ML/s and 6.4< 10" * ML/s to
are required? If the vacancy clusters do not diffuse as ankeep the irradiation time whenever possible at 60 s. All ex-
entity (with a size dependent, higher activation energy comperiments were performed at normal ion incidence. The ex-
pared to single-bulk vacanciethey can only anneal by dis- perimental procedure was as follows. The ion beam was ad-
sociation of vacancies from the clusters which takes placqusted and the ion flux then measured in a Faraday cup.
only at about 0.45 .2 Subsequently the sample was heated to the bombardment
The present study is motivated by two apparently contratemperature and moved into the ion beam. After the desired
dictory results for low fluence ion bombardment of two fcc jon fluence was reached the sample was removed from the
metals at identical scaled melting temperatures at the onsgeam and heating was switched off. After controlling the ion
of the spike regime. lon bombardment of Btl) by 1-keV  flux again the ion beam was also switched off. Eventually,
Xe" at 650 K (0.32T,) leads to a clear vacancy island ero- after the sample had cooled to room temperature STM imag-
sion morphology:'° Complete damage annealing to the Sur-ing started.
face is just achieved. lon erosion of(Al1) by 1-keV Xe" at The STM images were recorded as gray scale topographs
300 K (the same scaled temperature of OT32 results in  for quantitative image analysis and as differentiated topo-
bombardment-induced growtfi'® Instead of vacancy is- graphs allowing a better visualization of the stepped surface.

landsonly large adatoms islands are visible on the originalDifferentiated topographs, which appear as if illuminated
surface. Although surface diffusion is highly efficient at this from the left, are shown here.

temperature for AfL1l) instead of the majority defedthe

vacancy the minority defect specieghe adatomis visible

at the surface. Evidently large, stable, and immobile bulk IIl. RESULTS

vacancy clusters remain below the surface. It was concluded Figure 1 shows the surface morphologies aftef en

that the different behavior of the two metals is primarily yompardment with different ion energi&s,, and ion flu-
paused by the different depth of melt formation, which for Al encesF ., at 880 K. Besides few preexisting steps present
is located much deeper below the surface than f6L1l  ieaqy prior to bombardmerteps crossing the entire to-
due to the much smaller stopping power of Xe in Al. Thus, 55graph the morphologies are dominated by adatom and
while for Al efficient separation of the vacancy clusters fromvacancy islands. Diffusion of both, adatd#h® and surface

the surfaces takes place, it may be that fddPD the shal- | 4cancies is activated at 880 K and allows agglomeration of
low damage leaves the vacancy clusters created in CONNege defects created by many impacts to extended islands. It
tion to the surface, allowing surface diffusigwith a lower  gpq1d be noted that not only adatoms or surface vacancies
onset temperature than bulk vacancy cluster diffusion or disge mobile at 880 K but also clusters of these Speids.
sociation to anneal the damage leaving thus only surfacerpq compact, nearly hexagonal islands shapes prove the
vacancy islands representing the net removgd material. presence of step edge diffusi@hwhich allows the islands to
_One may speculate that both morphologies, the vacanCyyain a shape close to their equilibrium shapat the tem-
island erosion morphology and the bombardment-inducefe arre under concern transport between different atomic
growth, may be realized for a single system at a fixed teMayers (e.g., the descent of adatoms into vacancy island
perature by tuning the primary ion energy and thus the melt 4630 s also activated, such that diffusion has already

and damage depth. For this purpose we present here a Sy ced the extent of adatoms and surface vacancies initially
tematic study for low fluence bombardment morphologies oty .o quced by the ion impacts. As interstitial diffusion and

Ir(111) at 880 K(corresponding to the 0.32, used also for ik yacancy diffusion have onset temperatures of 50 K
Pt and Al measurementin dependence of ion energy and (Ret. 37) and 300 K(Ref. 32 the only damaged species that
ion  fluence, ~complemented by damage annealingyight he present but invisible for the STM is the bulk va-
measurements. cancy cluster below the surface. While nothing is known
about the diffusion of bulk vacancy clusters, their dissocia-
Il EXPERIMENT tion is not yet terminated after annealing to 1176°K.

All experiments were carried out in an ultrahigh vacuum
variable temperature STM system with a base pressure below
5% 10 mbar, described in detail elsewhéfeA clean First of all a look shall be taken upon how the surface
Ir(111) surface was prepared by prolonged ion bombardmeniorphology changes with increasing ion eneffygm left to
with a mass selected 1.5-keV Xebeam at 850 K, termi- right in one row for different fluences. The evolution of the
nated by annealing to 1570 K. The resulting average terracsurface morphology with increasing ion energy is qualita-
width is about 500 A. tively similar for the different fluences shown. As the series

For the bombardment experiments XeXe*", and  with F,,=0.012 ML exhibits the largest energy range, it is
Xe"** ions were accelerated by up to 5 kV. To establishdescribed in more detail.
bombardment energies up to 5-keV Xefor 10-keV Xe' * After bombardment with 0.5-keV Xe ions only small
and for 15-keV Xé * * ions were used. The ion fluen&g,,  vacancy islands of monatomic depth are observable in Fig.

A. Dependence of surface morphology on ion energy
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Eion=0.5 keV 4 keV 15 keV

0.012 ML 0.006 ML

0.024 ML

Fion=0.036 ML

FIG. 1. STM topographs of the(lt11) surface after ion bombardment at 880 K with Xe ions. From the leftmost to the rightmost column
the energy increases from 0.5 keV to 15 keV. The ion fludhggincreases from the top to the bottom row from 0.006 ML to 0.036 ML.
The original surface is in all pictures identifiable as the cohesive layer. A step present prior to bombardment crosses an entire topograph.
STM images were recorded after the sample had cooled to nearly room temperature. All topographs are of the>siz&0D140

1(d). On the average, each vacancy island contains aboumary ion and target material by simply tuning the ion energy.
10-15 surface vacancies. Increase of the ion energy to 1 keMcreasingg;,, to 10 keV[Fig. 1(f)] causes an increase in the
causes adatom islands to show up sporadically, while thaumber of adatom islands. Their total area increases signifi-
surface vacancy islands remain dominafglicture not cantly, but at the same time vacancy islands also become
shown. At E;,,=4 keV, [Fig. 1(e)] an adatom island mor- visible in larger number. At the highest investigated ion en-
phology is observed with only small sparse vacancy islandgergy of E;,,= 15 keV [Fig. 1(g)] the adatom island covered

in between. The area of the adatom islands outweighs tharea increases again, but now vacancy islands also become a
vacancy island area by far. In order to ensure the mass babrominent feature of the morphology. The surface is consid-
ance, there have to be a lot of large, stable bulk vacancgrably roughened. Comparing the different rows of Fig. 1
clusters hidden below the surface. Comparison of Figd). 1 it is apparent that with increasing ion fluence the energy
and 1e) displays the transition from erosion to evolution becomes a more erosive character and for the
bombardment-induced growth by increasing ion energy. Wéargest applied fluenc€&,,,=0.036 ML the morphology is
establish here, to our knowledge, for the first time, that bottdominated by vacancy islands at all energies apgdlids.
regimes may be realized for the same combination of prid(k)—1(m)].

245410-3



PETERSEN, BUSSE, POLOP, LINKE, AND MICHELY

015 / i
0.10 |- / -
0.05 - i
= 0.00 > 1
= | i ¢
E 005 | @ \ 4
£ | n
_ 2
-0.10 - —a—F_=1210"ML ]
L _ 2
sl —e—F, =2410°ML ]
- _ 2
I —u—F_=3610"ML
_020 " 2 1 2 1 " 1 " 1 2 1 2 1 2 1 " 1
-2 0 2 4 6 8 10 12 14 16

E ion lkeV]

FIG. 2. Change of surface coveradg, in dependence of ion
energy E;,, for different ion fluences;,,=0.012 ML (A), Fis,
=0.024 ML (@) andF;,,=0.036 ML (H). All experiments were

performed at 880 K. One can notice the change from an erOSiOBeen performed &

regime atE;,,<E; (05,+<0) to a growth regim¢(A), (@)] for
Eion>Ecit (0su>0) with 1 keV<E;;<2.5 keV. Only for @)
growth is averted due to highj,,. The missing point of B) is
Osu= — 0,47 ML atE;y,= 15 keV. The bracketed point is extrapo-
lated from the two measurements with loweg, at equalgy, . If
error bars are not visible, they are smaller than the according sy
bol.

In analyzing the topography, the change in surface cover-

agedq,fis calculated. It is defined a&, ;= ;i 6;, whereas
stands for the number of the particular atomic layers abov
(i>0) or below {<0) the original surfacei&0) and#g; is
the uncovered open part of layiein monolayer. An accumu-

lation of material on top of the surface is characterized b>9

0,>0 (growth), while #,<0 represents erosion of material
from the surface.

The quantitative dependence &f ,; on the ion energy is
plotted in Fig. 2 for three different ion fluences. For all flu-
ences below a critical ion enerdg,;; around 1-keV erosion
prevails, while for energie€;,,>E.; growth may take
place. The more pronounced, the lower the growthRfag.
The amount fg,s increases nearly linear forFq,
=0.012 ML, goes through a maximum at about 6 keV for
Fion=0.024 ML and is absent foF;,,=0.036 ML, though
the increase o, from 0.5 keV to 4 keV is still a reminis-
cent of bombardment-induced growth. The nearly linear in
crease offg, s for the lowest fluence may be rationalized by
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FIG. 3. Change of surface coveragg, in dependence of ion
fluence F,,, for three different ion energiesE,,,=4 keV (A),
Ei,n=10 keV (@), andE;,,=15 keV (H). All experiments have
sampie= 880 K. Additionally the amount of bulk
vacancies produced is shown for tBg,= 10-keV experimentQ).

becomes more and more pronounced with an increasing
number and total area of vacancy islands and a decreasing
number and area of adatom islands. Most pronounced is the
erosion in Fig. Im), where adatom islands can be observed
only sporadically, while large, up to 3 ML, deep craters have
evolved.

A quantitative analysis o, with fluenceF,, for three
different ion energies is shown in Fig. 3. A maximum value

%Surfymaxfor Os.rs Can be estimated for each ion energy and is

*

given in Table I. The fluenc&;;, at which the maximum
rowth is reached decreases with increasing energy. More-
over the magnitude oy, max9ains in height with increas-
ing ion energy. Increasing the fluence beydtiy, initiates a
decrease ofly,leading to a regime of linear decrease for the
two lower-energy curves of 4 keV and 10 keV. The linear
decrease for largg;,, can be explained by the saturation of
the subsurface impact influenced layer with bulk vacancies
and bulk vacancy clusters. As the average number of bulk
vacancies stays constant from this point on, sputtering causes
a linear erosion rate. Thus from the slope of thg versus

Fion curves at the high fluence end the sputtering yiélg
(mean number of sputtered atoms per impinging icem be
calculated for 4 keV and 10 keVcompare Table)l For

ion=15 keV, only a lower boundary ofs, can be given,

the linear increase of the melt volume inside the thermal

spike?**An explanation for a degression of bombardment-a
s

induced growth with ion energy at the intermediate fluenc
of Fi,,=0.024 ML and its absence fd¥;,,=0.036 ML is
postponed to the discussion.

B. Dependence of surface morphology on ion fluence

If one again takes a look at Fig. 1, but now follows the
topographs of one colum(fixed E;,,) with increasingFig,
[for example, from Fig. (& to Fig. 1(k)], after an initial

TABLE I. Maximum values of change in surface coverage
. maxand corresponding ion fluenceg,,. Calculated sputtering
yields Ygp.

Eion 0surf,max Fiim
(keV) (1072 ML) (1072 ML) Yoo
0.5 1.1+0.2
4 4.6+0.1 1.5 4.50.1
10 11.1-0.1 0.9 9.2+15
15 19.5-0.1 0.45 >50+10

B
o

slight raise of the adatom island number density the erosio
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TABLE Il. Maximum number of bulk vacanciegy, m.x and
adatom yieldsy .4 for differentEq,.

Eion (keV) gbv,max(ML) Ygg
4 0.14+0.01 17
10 0.22£0.04 46
15 >1.4 >137

because saturation with bulk vacancies is not reached com-
pletely in the investigated fluence ran@ke 6, versusF,y,
does not reach a linear slope at the high fluence.end

With the knowledge ofY, the amount of bulk vacancies
0,, Nnow can be calculated using the following equation,
which simply expresses the conversation of mass:

Ysp+ Yaa=Ysut Yo, D FIG. 4. Single-ion impacts on the(Ir11) surface after bombard-

- ith 10-keV Xe ions at a ion fluence Bf,,=2x10° ML
whereY notes th tom yi n number of . Mmentwit i lon =7 g
€re Yoq denotes the adatom yielgnean number of ada Tsampie= 300 K: (1) adatom island surrounding two impact points.

toms produced per |mp_|ng|ng Ny, the y!eld of Sl.Jrfa.Ce STM image is recorded at room temperature, picture of size 670
vacancies, and},, the yield of bulk vacancies. Multiplying <670 A2
Eqg. (1) with F;,, and combining ¥ 44— Y<) Fion= Osurs l€adsS '
to
C. Annealing experiments

Obv= Osurtt Y spFion- ) Additional information about the temperature-dependent
behavior of vacancies and vacancy clusters created below the
fsurface by ion bombardment is obtained by annealing experi-
ments. Bombardment of the surface at 350 K was followed
by a sequence of successively higher annealing intervals of
60 s duration with intermittent room temperature STM im-
aging. An extract of the topographs gained in these experi-

In Fig. 3 the values ob),, are displayed, calculated with Eq.
(2) for 10-keV ion bombardment. The increasing amount o
bulk vacancies saturates l},,=0.012 ML. The maximum
values offp, max for Ejxn=4 keV and 10 keV are displayed
in Table Il. Again, forg;,,= 15 keV only a lower bound can

be given as saturation is not yet achieved. ments is shown in Fig. 5. Figuresd—5(f) show the anneal-

Another relevant Jparameter can be ce_1|<_:u|ated from .th?ng behavior after 0.5-keV bombardment, while the complete
graphs course of Fig. 3. Near to the origin, the effective

) . . analysis of this experiment is shown as down triangles in
adgtom yield can be estimated 6%= fsur/Fion+ Y,SP' Ana- Fig. 6. In Fig. d) a large number of small vacancy islands
lyzing s,/ Fion for the lowest fluence data point ensures

. e and a few adatom islands are visible. Even at the low tem-
that impact overlap diminishes the apparentﬁamount of adapieratures used here the low ion energy does not allow to
toms only to a small extent. The results fefy calculated  eqch the growth domain. The existence of a few adatom
with Y, from Table | are shown in Table II. islands after 0.5-keV bombardment at 350 K and their ab-

However, even in the cofrf‘nplete absence of impact overlagence after bombardment at 880 K in Figd)lis due to the
the effective adatom yielt73 (880 K) measured after bom- hampered transport of adatom and adatom clusters over de-
bardment at 880 K is by far smaller than the true adatomscending step edges resulting in their annihilation. Annealing
yield Y4, which is the number of adatoms pushed onto theof the sample leads to complete adatom island annihilation
surface during the energetic phase of a few picoseconds aftgFig. 5(e)] and a gradual decrease of the vacancy island den-
the impact. At nonzero temperatures the combined action dfity together with their growth. The observed vacancy island
surface and bulk diffusion will lead to a partial annealing of coarsening is due to Brownian motion causing island coales-
the produced adatoms. For bombardment at 880 K the maence accidentalf? The quantitative analysis in Fig. 6
jority of adatoms is already annealed by bulk vacancies anghakes it obvious that the vacancy covered island area is
bulk vacancy clusters reaching the surface and subsequegéntinuously increasing with increasing annealing tempera-
filling with adatoms. Single-ion impact experiments with 10- ture. No distinct annealing steps are visible. As single-bulk
keV ions performed at 300 K with the low fluence Bf,,  vacancies are mobile already at 30G%all single-bulk va-
=2x10"° ML illustrate these facts. Figure 4 shows large cancies created have reached the surface by random walk
clusters of adatoms surrounding each impact point, whereagready during the initial bombardment interval. Since bulk
the impacts are separated far enough not to influence eaglacancy clusters only dissociate significantly at temperatures
other. With the adatom islands being of monoatomic heightabove 1170 K(Ref. 33 the most probable explanation for
Ye" (300 K)=370+40 is determined from the island area the gradual increase ofy,; is the gradual onset of bulk
per impact, which is by about a factor of 8 larger than thevacancy cluster mobility. With increasing temperature larger
corresponding 10-keV valuefggf (880 K) obtained after and larger bulk vacancy clusters become mobile, which ar-
bombardment at 880 K. rive during their random walk at the surface, where they
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FIG. 5. STM topographs of the
Ir(112) surface after bombardment
at 350 K with Xe ions of 10 keV
energy (a—9 at a ion fluence of
Fion=0.006 ML and with Xe ions
of 0.5 keV energy(d—f) at a ion
fluence of F,,,=0.18 ML, an-
nealed to the denoted tempera-
tures of 500 K, 800 K, and 950 K.
STM images are recorded at room
temperature. All topographs are of
the size 11081100 A2.

10 keV

Eion= 0.5 keV

anneal to form surface vacancy islands. After 0.5-keV bomnated at 1100 K. Extension of the annealing measurements to
bardment, the saturation ifiy,; around 1000 K suggests temperatures above 1100 K is impossible, because thermal
nearly complete bulk damage annealing. Thus frég); generation of adatoms from step edges becomes so efficient
measured after annealing to 1100 K the sputtering yield fothat all island structures dissociate and no more damage is
0.5-keV Xe" bombardment is estimated ¥,,~1.3. visible on the surface. One may estimate, however, that
A similar decrease of)g,s with the annealing tempera- based orYs,=9.2 for 10-keV ion bombardment from Table |
tures is found after 10-keV ion bombardment in Figa)5  for complete annealing,,+~ —0.05 ML is expected. As an
5(c) and the quantitative analysis in Fig(@p triangle$. The  explanation for the fact that for 10-keV bombardment even
main difference compared to the 0.5-keV bombardment isit 1100 K vacancy clusters still remain below the surface we
that the entire annealing sequence is situated in the growthote that due to the larger spike volume the distribution of
domain with 64,0 ML for all temperatures. Again no bulk vacancy clusters can be assumed to be shifted to larger
steps are visible in the decrease &f,; with increasing sizes. This implies a shift of the distribution of cluster diffu-
T.mear The overall higherd,,; tells that an overall larger sion temperatures to larger values compared to the 0.5-keV
amount of bulk vacancy clusters was created below the sucase and thus a need for higher temperatures to achieve com-
face. The much larger slope at the high temperature end gflete annealing.
the 10-keV annealing curve compared to the 0.5-keV one
indicates that annealing for 10 keV is far from being termi- D. Temperature dependence of bombardment-induced growth

The annealing experiments discussed in the preceding

0'4_' Y S —aE =0V | section suggest that the bombardment-induced growth de-
oak \ v Ef°“= 05keV | - pends sensitively on temperature. Figure 7 compares the de-
I ‘\ on ) pendence offg,; with Ej, for a fixed fluence ofF,,
02} . - =0.036 ML at two different temperatures, 800 K and 880 K.
. — 1 The difference in surface evolution caused by the different
g 01} \ 7 bombardment temperatures is remarkable. While at 800 K
% 00‘ a ] still  pronounced growth with a maximuméOg,y max
< | v ] =0.15 ML takes place, bombardment-induced growth is ab-
o4bk \v\ 4 sent at 880 K, though the increaseyf,; from 0.5 keV to 4
I v ] keV is still a reminiscent of growth. Beyond the initial ero-
02} \\v - sion regime for low temperatures, the differencediy,; for
- 1 the two temperatures increases with the ion energy and
0 700 500 00 700 800 900 1000 1100 reaches at 10-keV values of about 0.2 ML. An explanation
TIK] consistent with the annealing experiments is provided by the

temperature dependence of #tablecluster volume created
FIG. 6. Change of surface coveragg,; in dependence of an- per impact. The lower is the temperature the larger is this
nealing temperature after ion bombardmeBt,,=10 keV, F;,,  volume, as at lower temperatures smaller bulk vacancy clus-
=0.006 ML (A) andE;,,=0.5 keV, F;,,=0.18 ML (V). ters remain immobile and thus stable below the surface.
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L face, the layer below the surface is saturated with vacancies

015 n . ; .

I T ] and vacancy clusters after an ion ddsg = 1/Agamage if
ol \_ ] AdamagelS measured in lattice sites. For a fixed ion energy, at
- . this ion fluence the maximum growth effect is reachge

0.05 - / . ridge of the growth mountajni.e., Fi2=F% . As an ex-

2 ample, in this picture saturation with bulk vacancies after

= 000 -
g‘ I - P ] aboutF},=0.9x10 2 ML for 10-keV bombardmentcom-
S 005 o J pare Fig. 3 and Table implies a damage area of about 110
3 -0.05
@ . e lattice sites with a diameter of about 30 A. Increasing the
010 | 8 fluence beyond bulk damage saturation leads over to erosion,
I —a—T___.=800K 1 as no net material transport from the bulk to the surface takes
i —e—T pl = 880K | place and at the same time material is sputtered away from
ol ——=ae——  \ ] the surface. In our simplified picture we may assume that
2 0 2 4 6 8 10 12 14 16 after saturation of the bulk with vacancy clusters=gf, the
Ej,, [keV] quantity 6, decreases linearly witlg, such that after a
) ) fluence
FIG. 7. Evolution of 6, with E,, for a fluence of
Fion="0.036 ML at 800 K @) and 880 K @). 1 0
F-O _ surf,max 3)
IV. DISCUSSION " Adamage  Ysp

The results obtained so far for the changegf; by bom-  the domain boundary between growth and erosion defined by
bardment at 880 K in dependencef,, andF,, are sum- s, 0 is reached.
marized in the topographic representation of Fig. 8. The thin As the primary ion energy increaseqamageincreases.
dashed line in Fig. 8 separates the domains of bombardmenthus with increasing ion energy, bulk vacancy cluster satu-
induced growth and erosion, while the thin full line indicatesration takes place for smaller and smaller fluences. Therefore
the position of the ridge of the growth mountain. the ridge of the growth mountain in Fig. 8 is reached for
A specific ion energy is needed to create bulk vacancymaller and smaller fluences. The ridge of the growth moun-
clusters large enough to be thermally stable at 880 K. Thutin and the domain separation line are nearly parallel. Ap-
below a certain threshold energy for all ion fluences erosioarently fg maxand Y, increase in a similar way with ion
takes place. The threshold energy is visible as the verticgnergy[compare Eq(3)].
part of the domain separation line in Fig. 8. It is associated For sufficiently small fluences withFion<1/Agamage the
with the achievement of a sufficient energy density for spikencrease off,, with E;,, represents essentially the increase
formation and of a sufficient depth of the spike such that thén the volume of stable bulk vacancy clusters created per
vacancy clusters are created below the surface, disconnecté#dpact. As long as the nuclear stopping power increases with
from it. The fluence dependence of Fig. 8 may be rationalenergy, the viscous outflow of material will incred%€
ized by the concept of a damage aregmageassociated with  (compare the lowest part of Fig).8/When at energiegj,,
each impact. The damage area is the projection of the impact 15 keV the maximum of the stopping power for Xe ions in
influenced layer below the surface onto the surface withirr is reached gg,; will reach a maximum as well. Contrary,
which vacancies and vacancy clusters are created. Assumiriigr sufficiently large fluences fulfilling the conditiof,,,
for simplicity a uniform distribution of impacts over the sur- >1/Ag,mage@lready for energies at the onset of spike forma-

48 - Oourt ML)
7 -1.0
e -08 FIG. 8. Dependence of bombardment-induced
] . 0.6 surface coverage changg,; on ion energyEiq,
3.6 1 X 04 . . .
02 and ion fluence,, in a topographic representa-
30 . PR B B tion. The dashed line marks the transition be-

tween erosion §5,+<0) and growth @g,0).

The full line marks the ridge of the growth moun-
tain. The lighter the gray shading within the
growth area, the stronger is the growth effect.

0.2

1'8_ Accordingly the darkest gray tondspper right
124 x corne) show the area of strongest erosion.
i Crosses mark the experimentally measured val-
0.6 - ues off,s. The topography is formed to best fit
i these points by interpolating the graphs of Figs. 2
0 T T T T T T T T T T T T T T and 3.
0 2 4 6 8 10 12 14

E o keV]
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tion, the surface remains for all energies in the erosion re- V. CONCLUSION

ime as seen in the upper part of Fig. 8. e .
’ Up to now the discﬁgsioﬁ of the rgesults is restricted to a Under proper cond|t!on$|on energy, ion fluence, tem-
temperature of 880 K. It is instructive on the shape of Fig. gPeraturé bombardment-induced growth must be assumed to
at lower temperatures to guess based on the annealing md@ke place on every metal surface, also on those for which up
surements and the dependencedgf; on ion energy at two to now only erosion morphologies were ot_)served. The sys-
different temperature€Fig. 7). An obvious conclusion from tématic study of the growth phenomenon in dependence on
the annealing measurements shown in Figs. 5 and 6 as wéfin energy, ion fluence, and temperature presented here al-
as from Fig. 7 is that only a small fraction of the vacancylows to predict the proper conditions for the observation of
volume created by the energetic impacts remains below theombardment-induced growth. It is most easy observable at
surface at elevated temperatures. This conclusion is sustaingee low fluence, low temperature, and high ion energy limit.
by comparing the apparent adatom vyields at 300 K andhe strength of the growth phenomenon at a given tempera-
880-K for 10 keV ions, which are 370 and 46, respectively.ture depends sensitively on the efficiency of bulk vacancy
Therefore the ridge of the growth mountain indicated in Fig.cluster diffusion. Efficient surface diffusion in the absence of
8 by a thin full line will become considerably higher at lower bulk vacancy cluster diffusion leads to a pure growth mor-
temperaturescompare also Fig.)7 The growth domain will  phology consisting only of adatom islands, while inefficient
shift its boundary somewhat towards the left, but there willsurface diffusion leads to a morphology representing adatom
be a limiting energy associated with the onset of spike forisjands as well as vacancy islands. The observed dependen-

mation, somewhere between 0.5 keV and 1 keV beyongies of the growth phenomenon may be rationalized by a
which no growth takes placéNote that growth is still absent damage ared yamagewhich increases with ion energy.
for 0.5-keV bombardment at 350 K as shown in Fig. At

first glance, surprisingly, the growth domain also shifts its
boundary towards larger ion fluenceg, at lower bombard-
ment temperatures as apparent from Fig. 7. This effect may
simply be understood with Eq3): while 6 maxincreases This work was supported by the Deutsche Forschungsge-
with decreasing temperaturé, is temperature independent. meinschaft via the project “Atomare Prozesse beim ho-
Thus,F%n shifts to larger values for all energies and thus themoepitaktischen Schichtwachstum unter extremen Nichtgle-
domain separation line upwards in Fig. 8. ichgewichtsbedingungen.”
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36|nstead of scaling the behavior of the three mentioned materials
Pt, Al, and Ir to their melting temperatures one could also scale

with the cohesive energi.,,. The bombardment temperature
of 880 K used for Ir corresponds to 140072 E.,,/kT, where
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k is the Boltzmann’s constant. The same fraction of the cohesive
energy for Pt and Al corresponds to temperatures of 750 K and
435 K, respectively. While P111) exhibits a similar behavior at
this higher temperature than at 660 K corresponding to U,32

for Al(111) the surface diffusion at 435 K is so efficient that all
defect structures dissociate, leading to a step-flow growth. How-
ever, still at 400 K adatom islands characteristic for
bombardment-induced growth could be discerned.
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