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lon-induced pattern formation on Co surfaces: An x-ray scattering and kinetic Monte Carlo study
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We report time-resolved grazing incidence small-angle x-ray scattering and atomic force microscope studies
of the evolution of the surface morphology of the(@®01) surface during low-energy Arion sputtering. At
temperatures greater than 573 K, the surface is smooth, erosion proceeding in either a layer-by-layer mode or
a step retraction mode. In contrast, at temperatures below 573 K, the surface develops a correlated pattern of
mounds and/or pits with a characteristic length scaleAt room temperature, the surface morphology is
dominated by mounds, and coarsens as time progresses. The characteristic length scale obeys the apparent
power law,A =AXt" with n=0.20+0.02. The rms roughness of the surface increases in time according to a
similar power law with a slightly larger expone@t=0.28+ 0.02. Kinetic Monte Carlo simulations of a simple
model of C111) were also performed. These simulations suggest that mound formation and coarsening at low
temperatures is due to the slow diffusion of sputter-created adatoms on step edges. The morphological transi-
tion from mounds to pits is associated with activation of kink diffusion. These simple simulations produce
values for the scaling exponents that agree with the experimental measurements.
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[. INTRODUCTION Monte Carlo(KMC) simulations then provide insight into an
atomic scale explanation of the behavior.

Low-energy ion sputtering is widely used in semiconduc- In spite of an extensive theoretical effort, our understand-
tor processing both to clean and pattern surfaces and asimg of the microscopic mechanisms governing sputter ero-
component of analytical characterization techniques. Recerstion remains incomplete. The first successful model of ion
experiments demonstrated the potential of using ion etchingrosion was proposed by Bradley and Harfig) to explain
to pattern surfaces on length scales smaller than those acceipple formation on amorphous materidl§he BH model
sible via conventional photolithographic methdd3wo-  relies on Sigmund’s concept of a sputter rate that depends on
dimensional arrays of metallic and semiconductor clustershe local curvature of the surfat®.In the BH model, a
with narrow size distributions and, at least, local positionalsmooth surface is unstable to off-axis sputtering and devel-
order have been synthesized using ion ero$i§ihe exact ops a pattern of ripples with a characteristic wavelength
morphology of these self-assembled patterns has been stuaRd an exponentially diverging amplitude. Recent experi-
ied in detail only in a few material systems. It is known, mentat**? and theoreticaf work extended the original BH
however, that the surface morphology depends strongly omodel. These models successfully described a behavior ex-
both the material structure and the temperature, as well as dribited by amorphous oxide and crystalline semiconductor
the ion energy and the angle of incidence. Significant experisurfaces during sputter erosion. However, they did not agree
mental and theoretical work remains before a level of controilvell with experimental observations on metallic surfaces. In
over self-assembled patterning that is sufficient for technoparticular, they did not explain the rich variety of morpholo-
logical applications will be attained. This paper augments thejies observed on single-crystal noble-metal surfadesnd
currently available experimental information by studying theseveral compound semiconductor surfacé&The most no-
surface morphology induced by low-energy'Aion irradia-  table morphological characteristic of sputter erosion is coars-
tion of both single-crystal and polycrystalline surfaces of Co.ening, the increase in the size of surface features with ion
Cobalt was chosen for these studies due to the technologicebse. Coarsening cannot be produced by BH-type models,
importance of high-density magnetic storage devices. Thand has usually been explained by an analogy to coarsening
combination ofin situ x-ray scattering and reflectivity with during epitaxial growth. It is widely believed to be generated
ex situatomic force microscopyAFM) that we use is nearly by instabilities arising from the kinetics of transient surface
ideal for time-resolved structural studies of the surface morspecies such as adatoms or vacancies.
phology, enabling detailed measurements of the effects of This paper first focuses on x-ray and AFM studies of the
temperature, ion dose, and ion energy. Subsequent kinetinorphology induced by low-energy Arion sputtering on
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single crystal and polycrystalline Q@001 surfaces. The ex- E=100eV Ar"
perimental setup used to make the x-ray scattering measure-
ments is presented briefly in Sec. Il. Above 573 K, erosion
occurs in a two-dimensional or layer-by-layer mode and the
surface remains relatively smooth. Section Il focuses on the
characterization of this high temperature regime and explains
the method used to produce the starting surfaces for all sub-
sequent experiments. Below 573 K, the Co surface roughens
continuously and develops a pattern of characteristic fea-
tures. Section IV describes in detail the morphology and time
evolution of these features. To explore the microscopic pro-
cesses involved in sputter etching, we performed KMC simu-

anti-Bragg Intenslty (arb. units)

time(sec)

1.00 T T T
lations of ion erosion. Section V presents the details of the I\yions on ' ! (b)
simulations and the main results. The most significant diffu- E=500eV Ar"
sion processes and their role in determining the surface mor-
phology in different temperature regimes are discussed in 010 ions off -

Sec. VI. Finally, we discuss the results of our investigation in
Sec. VIl and draw conclusions in Sec. VIII.
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These experiments were performed in the A2 experimen- meteec)

tal station at the Cornell High Energy Synchrotron Source FIG. 1. (a) Time evolution of the specular anti-Bragg intensity
(CHESS using a custom ultrahigh-vacuum thin-film growth/ during sputtering of a Q6001 single crystal with 100-eV At
x-ray scattering chambebase pressure 510 1° Torr).  ions at several high temperatures. The curves are offset vertically
The thin-film growth/x-ray-diffraction chamber is &axis  for clarity. The zero intensity of each data set is at the level of the
type of diffractometer and is described in detail elsewHére. corresponding dashed curv@) Relaxation of anti-Bragg intensity
The high x-ray flux (8<10™ photons/secavailable on the after sputtering with 500-eV Ar at 543 K.
A2 experimental station at CHESS enabled us to perform "\, rE\PERATURE ION-EROSION REGIME
X-ray-scattering measurements bathsitu and in real-time. OF COBALT (0003
A set of sagittally-benC/W multilayer crystals was used to
select the x-ray energy of 12 keV and to horizontally focus Previous experimental studies of low energy ion erosion
the x-ray beam at the sample positioriThe samples were of the single crystal surfaces of Pt, Ag, and Au identified two
Co(000Y) single crystals and polycrystalline Co films depos-major morphological regimes. Above a well-defined transi-
ited by rf sputtering onto sapphire substrates. For the ionion temperature, the surface remains relatively smooth and
erosion experiments, the samples were sputtered at normatosion occurs by either a layer-by-layer or a step retraction
incidence with AF ions produced by a high flux lon Tech mode. Below this transition temperature, the surface rough-
(Veecq rf source (4< 10" ions/cnf/sec at the sampleThe  ens rapidly, exhibiting a surface morphology consisting of
ion energy of the lon Tech source is adjustable between 10founds and/or pits or ripples. Cobalt follows the same gen-
and 700 eV. Prior to the experiment, the Co single crystalgral trends as the other close-packed metals, exhibiting a
(miscut less than 0.25°) were cleaned by repeated cycles gfadual transition to layer-by-layer and step-flow modes
annealing and sputtering at 643 K until surface contaminantabove 573 K.’ This is illustrated in Fig. a), which shows
were below the Auger detection limit. the evolution of the intensity of the specularly reflected x-ray
Time-resolved specular x-ray reflectivity provides quanti-beam at the anti-Bragg condition during sputtering with
tative information about the evolution of the surface rough-100-eV Ar" ions. The anti-Bragg condition in x-ray scatter-
ness during sputtering. Grazing-incidence small-angle ing is conceptually similar to the anti-phase condition in
x-ray scattering(GISAXS) is sensitive to correlations be- reflection-high-energy or low-energy electron diffraction.
tween surface features. The GISAXS was measured eithét-ray plane waves reflected from consecutive atomic layers
with a point scintillation detector or with a 1024 are s out of phase, and the resulting intensity is maximally
X 1024 CCD detector produced by Medopti@alsa Life  sensitive to single height steps on lateral length scales less
Sciences, Tucson, AZIn order to collect a scan with the than the x-ray coherence length. A large anti-Bragg intensity
point detector, the sputtering must be suspended, which réadicates a smooth surface, while a low anti-Bragg intensity
sults in a pulsed irradiation cycle. The CCD detector allowsindicates a rough surface. Above approximately 573 K, the
us to measure x-ray-scattering patterns without interruptingnti-Bragg intensity exhibits oscillations indicative of a two-
the sputtering process with an exposure time of half a seadimensional layer-by-layer erosion mechanism. To avoid the
ond. Continuous sputtering, however, produced a rapid inmartensitic phase transformation to the cubic phase which
crease of the sample temperature with consequences that wilbuld damage the crystal, the sample temperature was kept
be discussed below. Additional information about the finalbelow 693 K at all times. Even under these conditions, it is
surface morphology was obtained situusing AFM. clear that on the higher end of the available temperature
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FIG. 2. (color) AFM image of
0.0 nm a mounded surface pattern ob-
tained by sputtering of a single-
crystal C@000)) surface with 500
eV Ar' ions for 60 seconds at
room temperature.

range, the intensity oscillations dampen rapidly, indicatingWe will discuss the effects of vacancy diffusion in more
increasing roughness. Nevertheless, the intensity settles todetail in Sec. VI.

relatively high level, suggesting a smooth surface. The de-
pendence of the final surface roughness on the energy of the
incident ions has been discussed elsewhére.

The smoothest surfacéa rms roughness ot 1 A) were
obtained by sputtering with 500-eV Arions at 643 K. Sput- Below 573 K the AF ion bombardment of single crystal
tering under these conditions rapidly and reliably produce€o(0001) rapidly roughens the surface and gives rise to a
flat surfaces even after extensive ion erosion at low tempergsattern of mounds or pits. This regime may be further sepa-
tures. This ability to produce flat @001 surfaces on de- rated into temperature ranges that produce qualitatively dif-
mand was the crucial technical development that enabled thferent morphologies. We know from recent experimental
rest of this study. The smooth surfaces prepared using thiwork that between 473 and 573 K the surface morphology is
recipe were utilized as the starting surfaces for all of thedominated by pits, while from room temperature up to 473 K
erosion measurements reported in this paper. We emphasidee surface exhibits a mostly mounded patt€rAs an ex-
that neither heating nor sputtering alone results in a smootample, Fig. 2 shows a typical AFM image of the mounded
surface. structure produced at room temperature by irradiation with

As shown in Fig. 1b), for ion energies greater than 200 500-eV Ar" ions for 60 sec. In order to characterize in detail
eV, the anti-Bragg intensity increases after the irradiation igshe evolution of the surface morphology, we meastinesitu
interrupted. This increase suggests that the surface continuaad in real time the grazing incidence small angle x-ray scat-
to smoothen due to the redistribution of mobile species. Atering. Figure 8) shows a 512512 pixel CCD image of
these relatively high temperatures, the diffusion of adatomshe GISAXS intensity in the vicinity of the specular rod cor-
is effectively instantaneous on the time-scale of the experiresponding to the mounded surface pattern displayed in Fig.
ment, a fact confirmed by our studies of homoepitaxial Ca2. The evolution of this x-ray pattern as a function of time is
growth. The vacancies produced in the sputtering processchematically shown in Fig.(B). Each of the curves in Fig.
however, are considerably slower than the adatoms as the3(b) represents a cross-section of the CCD image in the ver-
need to overcome higher diffusion activation barriers. If wetical direction which corresponds to a direction parallel to the
assume that the average terrace widtk4s1000 A, we can surface in reciprocal spacey, . Shortly after starting the ion
use the relaxation time of the x-ray intensityo estimate the bombardment, the GISAXS pattern develops a set of grow-
diffusion constantD=x?/m?a’r, where a is the lattice ing satellite peaks which indicate that the surface exhibits a
constant? If the diffusion constant has an Arrhenius depen-pattern of correlated mounds or pits with a characteristic
dence on the activation enerdy=rvoexp(—E,/kgT), where  wavelength. With increasing ion dose the peaks shift in, in-
vo=10"? s, we estimate the vacancy diffusion barrigy  dicating that the features coarsen similar to the behavior ob-
to be approximately 0.97 eV. This value is relatively largeserved in other metal systerffs.
but is consistent with theoretical calculations of the activa- Figure 4 shows the evolution of the average mound/pit
tion energy for vacancy diffusion on Cil1) (0.618 eV.’®  separation calculated from the inverse of the peak splitting

IV. LOW-TEMPERATURE PATTERN FORMATION
ON COBALT SURFACES
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FIG. 3. (color) (a) CCD image of GISAXS intensity corresponding to the mounde@d0Q@]) single-crystal surface shown in Fig. 2
(60-sec irradiation with 500-eV Arions at room temperatureThe specular region of the intensity was blocked with a beam (§tiagk
horizontal line in the center of the imag®m avoid blooming into the neighboring pixeld) Evolution of the GISAXS intensity during
sputtering with 500-eV Af ions of a C¢0001) single-crystal surface. Each curve represents a vertical cross section of a CCD image like the
one shown in(@), and corresponds to a scan of the specular rod in the direction parallel to the sample surface.

for several incident ion energies at room temperature. Fotion with 500-eV ions shown in Fig. 3, the total drift in
low energy and ion fluxes the mound separationfollows a  temperature from beginning to end of scan is 115 K. If we
power law in time)\ = At", with an exponent between 0.17  assume that the entire ion energy contributes to sample heat-
and 0.22. For high Ar fluxes or energies, the ion bombard- ing and there are no radiative or conductive heat losses to the
ment causes a significant heating of the sample. This effect isample holder, then we can estimate the heating rate due to
particularly strong for continuous irradiation at energiesion irradiation to approximate|y 7 K/min. This value ac-
above 200 eV. For example in the case of continuous irradiacounts for On'y ha'f Of the observed heating effect and Sug_
gests that there is also a significant contribution due to the

T infrared radiation from the hot ion source.

As the temperature drifts up, the surface diffusivity in-
creases and causes an additional coarsening of the mounds
which is reflected in the unusually fast increase of the feature

continuous Arg

25

Ezo . separation lengtlinset of Fig. 4. The heating problem is not

£ so severe for a low ion energypnly 20 K for the 100-eV

5 Ar* erosion and for pulsed irradiation measurements.
S 16 7] Therefore we believe that the exponent extracted from the
H

pulsed irradiation data at 500 eVe=0.22, is accurate for this

13 & 1006V continuous? ion energy. This value is also consistent with the fit of the
v :333,':3:::: early time data in the case of continuous irradiation.
0 | © 5008V continuous The evolution of the rms roughness can also be fol-
10 100 1000 lowed by measuring the specular intensity. If we assume that

time(sec) the roughness is smallbi<1), the x-ray intensity is pro-

FIG. 4. Time evolution of the average mound separation during®ortional to expt-o°cf), whereq is the component of the
Ar* irradiation with 100-, 200- and 500-eV ion energies of a momentum transfer perpendicular to the surface defined by
Co(000)) single crystal surface at room temperature. For the pulsedl=4m/\siné. \ is the x-ray wavelength and=0.75° is
irradiation experiments, the time refers to the accumulated sputtefalf the angle between the incident and scattered radiation.
ing time. Figure 5 displays the time evolution of the extracted rough-
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10 T T tion may be multiplied by a factor of 1.3 to make compari-
sons to the temperatures quoted for cobalt in previous sec-
tions. We will describe below that after converting
temperatures in this manner, we find a good agreement in the
rough/smooth transition, as well as in the low temperature
mound/pit transition.

The effect of the ion impact was modeled by randomly
removing atoms from thg111l) surface of a 208200
X 200 atom cubic cell. The program allows the removal of
A multiple atoms as well as the creation of adatom-vacancy
A A 200eV . .

o 500eV pairs. However, to reproduce closely the experimental con-
ditions we will focus on the case of single atom removal
1 1 1 which corresponds to a sputtering yield of 1. This value is

10 time(sec) 100 reasonable for Co sputtering with Aons in the 100 to 500
eV energy range. The ion flux in the simulations was typi-
FIG. 5. Time evolution of the rms roughness during irradiation cally 9x 10'® ions/cnt s. The KMC algorithm used to simu-
of Co(000)) single crystal with 200- and 500-eV Arions, respec- late the thermal diffusion has been presented in detail
tively, at room temperature. elsewheré? For every atom configuration at a certain tem-
perature, all possible single atom diffusion processes are
ness during continuous irradiation with 200- and 500-eVidentified and added to a list of potential moves. The rate of
Ar* ions of a C¢0001) surface. The roughness can be fit each process is evaluated accordingte voexp(—E;/kgT),
with a power law in time with an average exponefit where the common prefacto is taken to bevy=10"?s"!
=0.28£0.03. for simplicity. The diffusion barrier&; were estimated using
In order to explore the potential of using ion etching tothe Artwork software packag&which implements the EMT
produce arrays of nanoscale features for technological applpotentials for Cu and allows the energy calculation for an
cations, we have also studied the effect of low-energy iorarbitrary surface configuration. The results for the adatom
sputtering on the surfaces of polycrystalline Co films. Wediffusion barriers on terraces and steps are identical with
deposited 1000-A-thick Co films on C-axis sapphire at dif-published value&’ Additional barriers were calculated for
ferent temperatures and studied the morphology induced byacancy motion and annihilation with adatoms and step
Ar™ ion irradiation at room temperature. Only high-quality edges.
epitaxial films(in-plane rocking curve width less than 1.5°)  We find that above 500 K this model exhibits a layer-by-
with grain sizes of the order of 3000 A, grown at 623 K layer removal mechanism consistéafter temperature scal-
exhibited a pattern formation similar to the single crystal Co.ing) with the experimental observations presented in Sec. Il
At room temperature the mounds also grow with increasingor Co, and with other results reported in the literattifef
ion dose but the coarsening exponent is significantly lowethe temperature is lowered below 460 K, the amplitude of the
than for the single crystah(=0.09). This low value suggests anti-Bragg oscillations decays continuously, indicating a
that coarsening is influenced by extrinsic effects, such as thgansition to the patterning regime.
grain size. Figure Ga) shows the surface morphology after removal
of 20 ML at 232 K. This simulation may be compared to the
V. KINETIC MONTE CARLO SIMULATIONS room-temperature image for cobalt in Fig. 2. At this tempera-
OF COPPER(11)) ture the surface deyelops a mor'pholqu. ch.la\ract'erlzed by
compact mounds with a narrow size distribution, in agree-
In order to gain insight into the microscopic processesgment with the experimental observations. The mounds are
involved in low-energy ion sputtering of closed packed met-separated by inter-connected valleys with irregular shapes
als, we performed kinetic Monte Carlo simulations of ion and rough contours. The average mound size was calculated
erosion. The(111) surface of copper rather than cobalt wasfrom the first zero of the autocorrelation function. Figure 7
simulated because we did not have access to all the necessatyows the time evolution of the mound size and rms rough-
Co potentials at the time of this investigation. For(Cl1) ness for erosion at 232 and 290 K, respectively. Both the
we were able to utilize a realistic theoretical model, themound size and the rms roughness follow the expected
effective-medium theoryEMT) of cohesion in metalé to  power-law time dependence. At 232 K the coarsening expo-
generate the required potentials. EMT is known to give anentn=0.21 agrees well with our experimental observations
good qualitative description of Cu and offers complete infor-for Co(0001). The roughness exponeiit takes a slightly
mation about surface diffusion processes. We believe, howlarger value,3=0.26, also consistent with our measure-
ever, that the results presented here are not element depenents.
dent. This notion is supported by preliminary simulations of Above approximately 290 K, the simulations predict a
ion erosion on A(l11). However, in order to directly com- qualitative change in the structure of the surface pattern in-
pare temperatures between the cobalt and copper, it is neduced by erosion. Figure(l) shows this high-temperature
essary to scale the temperatures by the melting points of thmorphology corresponding to the removal of 20 atomic
two elements. For example, temperatures quoted in this secaonolayers at 348 K. The image indicates the development

rms roughness(A)
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FIG. 6. (color Simulated surface morphologies corresponding to the removal of 20 ML at 232 Knd 348 K(b), respectively. The
morphology of the lower-temperature surface is dominated by compact mounds. In contrast, the morphology of the higher-temperature
surface is dominated by large triangular pits. The size of the imagesxg&innt. The surface height is represented by a rainbow color
scale from violet(lowest leve) to red (highest level. The total height range is 2 nm.

of a pattern dominated mostly by large, triangular pits withranges. Figure 8 schematically shows the most important
smooth contours and uniform size. In this regime, the rmsatomic moves occurring in the simulations. We will first dis-
roughness and average feature size also follow a power lawuss the low temperature case. At 232 K, the vacancies de-
but both exponents appear to take larger values and to irposited on the surface do not participate directly in the mass
crease with increasing temperature. At 290 K, for instancetransport. The vacancies deposited far from the edgis

the asymptotic coarsening exponentris-0.25 while the 8(@] need to overcome large energy barri€d518 eV in

roughness exponent j8=0.3 (Fig. 7). order to diffuse on the terrace and no motion is observed.
Only the vacancies deposited within one lattice constant
VI. ATOMISTIC MECHANISMS from downhill edges can attach to the edge creating a step

advacancyFig. 8b)]. Furthermore, the activation energy for
The KMC simulations provide detailed information about diffusion of step advacancies along step edges is also large
the diffusion processes active in different temperaturg0.44 eV} and therefore this process is suppressed at low

30
20
X
=
< 10 v
o [ e FIG. 7. Time evolution of the
5 p < feature sizghollow symbolg and
T [ [o T=23kK § rms roughness(filled symbolg
3 5 | o T=290K -1 o from the KMC simulations of
£ 13> sputtering at 232 K(circles and

290 K (diamond$, respectively.

1 ' 1 [ N T 1 1 ' B R |

number of monolayers removed
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(b) (e) VII. DISCUSSION
Ad-vacancy on step Thermal adatom formation
E=0.44eV ¥ E=0.4deV The evolution of ion-induced surface patterning is gener-

ally understood by analogy with mound formation in ho-
moepitaxial growth. During thermal deposition at low tem-
peratures, atoms landing on terraces encounter a significant
barrier for descent at downhill step edges, the Ehrlich-
™ ® SchwoebellES) barrier, and attach primarily to uphill step
Step-a?fglgiie‘t]achment edges. This diffusion asymmetry at step edges generates a
- net uphill current that destabilizes a smooth surface and leads
to the formation and coarsening of mounds. Siegert and
E=0.27¢V Plischké* examined the effect of the ES current, and pro-
(d) Adatom around corner posed a model for mound coarsening that involves slope se-
FIG. 8. Energy barriers for step-adatom, vacancy, and kink diflection. For surfaces with triangular symmetry such as hex-
fusion on the C(111) surface calculated using EMT. agonal(0001) or cubic(111), the mound size should increase
in time according to a power law with an exponent equal to

25 - - :
temperatures. Consequently, mass transport on the surfaceJs > Recently several studies emphasized the importance

PR ; ; VA7
dominated by adatom diffusion, in particular by the diffusion © edge diffusion for pattern formatlon_ dur_lng growt.
of adatoms on step edg&igs. &c) and &d)]. Murty and Cooper found that edge diffusion can lead to

Step adatoms are the atoms attached to the islands by oﬂé"#”d ;o:n;)atiqup i/en |2i7n Ithe ab]:c,ence d ?\; an ihrllich—
or two bonddFigs. §c) and 8d)]. In our simulations there is Schwoebel barriet: Amar™ also performe onte Carlo

. simulations to investigate the role of corner diffusion during
no net deposition of atoms, but we also found that adatom rowth on surfaces with100 and (111) symmetries. For

e e e 4eL 1) rices e ound tnat v ecige ifsion sroun cor
) ers can lower the scaling exponent from the expected theo-

adatoms from kinks is significafFig. 8e)], and therefore, | vical value of 0.33 to 0.22.
at 232 K, the step adatoms are created mainly by atom re- - \ energy ion sputtering is a significantly more compli-

moval from edges, in particular from special edge configu-ateqd process than thermal deposition. In the first approxima-
ration, such as kinks. Because the step adatoms are producggh, the ion interaction with a crystalline material can be
in the sputtering process, their concentration is very lowyjewed as a deposition of surface vacancies. However, as
Moreover, due to the non-negligible diffusion activation en-pointed out recent|y by Costantimeit a|_,4 the phenomeno|_
ergy (0.22 eV}, the step adatoms have a very limited mobility ogy of ion erosion cannot be derived simply by inverting the
along step edges. They can diffuse along steps only until theyrowth process. If this were the case, sputtering would al-
encounter kinks which trap them irreversibly. This processyays produce a pit morphology as observed in experiments
results in a slow edge diffusion current which promotes conat high temperatures. For most materials, though, ion irradia-
vex edge contours and compact islands. The islands stack wipn below room temperature produces a mounded pattern,
to build a mounded structure similar to the one observed irvery similar in fact to the pattern generated by thermal depo-
experiments. sition. The origin of the morphological transition from

If the simulation temperature is increased above 290 Kmounds to pits is not very well understood at this point.
the vacancy diffusion becomes important and eventuallCostantiniet al* examined in detail defect formation during
dominates the mass transport on the surface. First the thaoen sputtering of Ag001), and showed that, in addition to
mal atom detachment from kinK&ig. 8e)] and the adva- vacancy creation, ion bombardment results in the formation
cancy motion[Fig. 8(b)] begin to play a role in edge diffu- of complex defects, such as adatom and vacancy clusters.
sion as can be seen from the statistics of the atomic move8usseet al?® also attributed the initial monolayer growth
Both processes generate an effective line tension thaibserved during ion bombardment of(ALl]) to the forma-
smoothes the concave step edges surrounding surface deprésn of extensive subsurface vacancy defects and surface ada-
sions, and favors the formation of large, compact pits. Sincéom clusters. Therefore, for high-energy ions and low melt-
both kink detachment and kink diffusion are thermally acti-ing point material§fAg, Al) the approximation of sputtering
vated, the concentration of mobile species is considerablgs vacancy deposition may not be accurate. Even in the ab-
larger than in the low temperature case, and produces asence of complex defects, the difference between the mobil-
effectively faster edge diffusion process. The edge diffusiority of the adatoms and vacancies €@tl1) and (0001 sur-
is also enhanced by the formation of extended diffusiorfaces breaks the symmetry between deposition and erosion
paths along causeways separating the pits that enable longnd, arguably, plays a role in determining the surface mor-
distance mass transport. While step advacancies were ophology.
served to signifigantly contribute to surface relaxation, ada- To distinguish between the contributions of the ion colli-
tom detachment from step$Fig. 8f)] occurred very sions and the surface kinetics which follow the ion impact,
infrequently. At even higher temperatures, it is expected thatve have performed kinetic Monte Carlo simulations of
vacancies become mobile on the terraces and contribute aGu(111), as discussed in Sec. V. Our simulations approxi-
ditionally to the edge diffusion. mate the ion impact by depositing vacancies but accurately

()
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describe the diffusion processes associated with both vacar-0.43+0.08)> Au (n=8=0.27+0.02)° and InP f=0.26
cies and adatoms. Using just surface diffusion and vacancy 0.048=0.27+0.06)’

deposition, our model reproduces the most important charac- In order to investigate the microscopic processes involved
teristics of the ion-induced surface morphologies. In particuin ion sputtering of closed packed metals, we have per-
lar, it reproduces the morphological transition from aformed KMC simulations of C{111) erosion. The simula-
mounded pattern at lower temperatures to a pit-dominatetions reproduce the most significant morphological transi-
structure at higher temperaturésRegardless of the tem- tions characteristic to ion etching. At approximately 460 K
perature, the surface features coarsen in time according totd€ Simulations predict a transition from layer-by-layer re-
power law. The inclusion of adatom-vacancy pairs and depoM0Val at high temperatures, to pattern formation at low tem-
sition of multiple vacancies per event did not change thid?€ratures. In the roughening regime, the simulations also re-
phenomenology. produce a morphological transition from mound formation

In the low temperature regime, where slow adatom stef?®/OW 290 K to pit formation above 290 K. _
e . . ) . A detailed analysis of the diffusion processes active dur-
diffusion is dominant, our KMC simulations predict a rela-

. . . ing erosion revealed that step edge diffusion of sputter-
tively l.OW valu_e for the coarsening exponent=0.21). Th's created step adatoms is the main cause of mound formation
value is consistent with the results of Monte Carlo simula-

! . s at the lowest temperatures. This mechanism is essentially
tions of growth W'th, slow edge d!ﬁusu?ﬁ and of other iqeniical to the step-edge diffusion active during epitaxial
Monte Carlo simulations of sputteririghbove 290 K, the growth and explains the similarity of the resulting morpholo-
faster kink diffusion process causes the increase @fith  gie | this regime the simulations predict scaling exponents
temperature toward the theoretical prediction=0.33.

. 3 . . (n=0.218=0.28) in agreement with our experimental re-
Michely et al.” also emphasized the importance of thermalsults for Co. Above 290 K, kink dissociation and diffusion

step-adatom detachment from kinks. They found that if thi,ocome active and eventually dominate the edge diffusion
diffusion mechanism is completely suppressed, the scaling,cess, resulting in a morphological transition from mounds
exponent decreases from=0.22 to 0.09. to pits. As a consequence of the faster edge diffusion, the
coarsening exponent increasesnte 0.25 and the roughen-
VIIl. CONCLUSIONS ing exponent increases 6=0.3. These larger values are

Using time-resolved x-ray scattering techniques, AFM consistent with the experimental reports for Pt, Ag, and Au,

and KMC simulations we have studied the morphology in:and agree with the general assumption that kink diffusion is

duced by low-energy ion erosion on the surface of closedthe dominating diffusion mechanism at the respective tem-

packed metals. The experimental studies focus on Co, geratures. The lower values of the scaling exponents we ob-

metal of interest for technological applications."Aion ero- Serve f%(r) C‘@OOD are mostlllkely dl.“.a to higher diffusion
sion of single crystal O®001) above 573 K occurs in a Parmers,” which suppress kink mobility at room tempera-
two-dimensional or layer-by-layer mode. In this regime theture. Our studies of pattern formation on epitaxial films also

ions have a smoothening effect and can be used to prepa%lggested that if the surface diffusion is additionally slowed

atomically flat surfaces at relatively low temperaturd@s ( down by the presence of defects such as grain boundaries the
<400°C). We have used the surface relaxation time follow-COarSening exponent decreases furthemc0.09.
ing ion irradiation to estimate a diffusion activation barrier of
vacancies on Q0001 (0.97 eV} which is consistent with
theoretical calculations for fcc metals. The authors benefited greatly from discussions with Jim
Below 573 K, ion erosion produces a pattern of mounds &ethna, Marcus Rauscher, Jacob Jacobsen, and Aaron Cou-
pits with a narrow size distribution. At room temperature, theture. This work was supported by the Cornell Center for
mounds coarsen in time, the average mound separation foMaterials ResearciCCMR), a Materials Research Science
lowing a power law with an exponent of=0.20+0.02. The  and Engineering Center of the National Science Foundation
rms roughness also follows a power law in time with an(DMR-0079992. This work is based upon research con-
average exponenB=0.28. These values are consistently ducted in part at the Cornell High Energy Synchrotron
lower than the results reported in the literature fo{1P1) Source(CHESS which is supported by the National Science
(n=0.28:0.028>0.34)2 Cu(110 (n=0.26-0.028  Foundation under Award No. DMR-9713424.
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