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Abstract

Under awide range of conditions, ion bombardment
of nominally flat substrates results in the formation of
macroscopic hummock features. We present a theoretical
model of thisprocesswhich detailsthe evol ution of hummocks
onrotating substrates. Theformation of facetted hummocks,
theinteraction and coal escence of two hummocks, and global
propertiessuch asthe hummock sizedistribution are described.
These results are used to interpret experimentally observed
hummocks on Ar* sputtered, rotating Si(100) substrates.
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Introduction

|on beam modification of surfaceshasreceived agreat
deal of theoretical and experimental study for more than two
decades[2, 3, 5, 12, 13, 14]. Much of thisinterest has been
stimulated by applications, such asreactiveion beam etching,
secondary ion mass spectroscopy (SIMS), and ion beam
thinning for transmission e ectron microscopy (TEM) sample
preparation. For such gpplications, maintaining aplanar surface
during sputtering is of prime importance. Any surface
roughness created during the sputtering process could
obscure morphological features of interest in TEM, or could
resultinmodified elemental depth profilesin SIMSor sputter/
Auger techniques. However, under awiderangeof conditions
during the sputtering processanominally flat surfaceevolves
into asurfacewith hummock-likefestures.

While for most practical applications of sputtering
avoidance of hummock formation is sought, recently it has
been proposed that hummaocks could beapplied constructively
to provide a means of improving the quality of strained
heteroepitaxia layers[8]. For hetero-epitaxial overgrowthon
arough or patterned surface, the strain associated with the
latticemismatch of thefilm/substrate can belocalized near the
interface and the remainder of the film grows strain free [9].
However, to obtain high quality overlayersfor eg., the Ge/S
systemwhich hasa4% lattice mismatch, substrate patterning
onlength-scalesof 20 nmor lessisneeded. Thisisan order of
magnitude below the limit of photolitho-graphic techniques
S0 at present alternate patterning techniques are necessary.
Hummock formation by ion beam bombardmentisonepossible
candidate as accessto smaller length-scales can be achieved.
For such constructive applications, a detailed knowledge of
propertiessuch asthe hummock s zedistribution and hummock
area densities as well as the loca properties, such as the
shape of individual hummaocksisrequired.

Previous descriptions of hummock formation and
evolution from a nominally flat starting surface include
continuum models of the surface[2] coupled with wavefront
propagation instabilities and models which concentrate on
sputtering of specific surface features [5, 12]. One common
parameter in all the modelsis the angular dependence of the
sputtering yield. A schematic plot of the sputtering yield, S,
versus the angle of the ion beam with respect to the surface
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normal, @, isshown in Figure 1. This curveis obtained from
the experimental observations of Ar* irradiated silicon [1, 7,
10, 11] and isaresult of the (i) theenergy loss of ionsasthey
penetrate the substrate, and (ii) direct reflections of the
impinging ions from the substrate [12, 14]. At small angles,
reflections are rare and the details of energy loss give the
increaseinyieldwithangle, whileat largeanglesreflections of
ions from the substrate dominate and the sputtering yield is
reduced. These two processes produce the curve shown
whichiscommonto most materials.

Hummock formationistypicaly dependent ontheyield
curve since microscopic features on the surface will tend to
etch at different ratescompared to theflat surfaceand, through
differential etching, the initial features are enhanced and
macroscopic hummocks form. Indeed, the formation of
hummocks requires a microscopically rough surface since
otherwise hummaock formation is suppressed [5]. More
specifically however, the evolution of a surface depends on
theangle of theion beam, ¢. For example, for @= 75°-85° the
starting surfacewill in general smooth out and no hummocks
form. In angular ranges of 0°-75°, hummocks tend to form,
most prominently near themaximum S (@=65°). Inadditionto
theyield curve, hummock detail sdepend on other parameters
such astheion beam energy and thetotal ion dose[5]. Generd
trendsincludeanincreaseinthespatia density of hummocks
withanincreaseinion dosewhilethe size of hummockstends
to increase with ion beam energy.

Whileno theoriesexist for hummock sizedigtributions
evolving during sputtering, the two main late stage cluster
growth processes on surfaces (i) the LSW theory of Ostwald
ripening [4] and (ii) the coalescence of larger clusters[6, 15]
will be considered. The distributions resulting from either
process exhibit self-similar behaviour, i.e., the distribution at
onetime can be related to the distribution at later (or earlier)
time by a simple scaling factor. If one of these late stage
processes are an adequate description of hummock growth
then the statistical self-similarity will greatly smplify the
description of the process as afunction of time. Coalescence
isthe more natural comparison for the current experimental
conditions as it applies to non-mass conserved processes.

In this paper, we examine the properties of hummock
formation and evolution on rotating substrates. First, we
describetheevolution of asingle hummock, followed by binary
systemsi.e., the coal escence of two hummaocks, and then the
evolution of a surface covered with hummocks. We then
compare these results to the hummocks formed on Ar*
sputtered Si surfaces. In particular we focus on hummock
coal escence and the hummock sizedistribution and relatethis
to theoretical modelsfor cluster growth phenomena.

Theory
Evolution of asinglehummock
In this section, we derive some results relating to the
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Figure 1. Plot of the sputtering yield, S, asafunction of the
angleof incidence, @, for Art sputtered Si [1, 7, 10, 11]. During
rotation when, for example, anominally flat substrate etches
at arate given by S, features which deviate several degrees
fromtheflat substrate will oscill ate between the endpoints S
and S, during rotation. However, the features spend the
majority of thetimeat theendpoints. Thisresultsinthefeatures
etching slower than the flat substrate and macroscopic
hummocksform. For adifferent beam geometry wheretheflat
subgtrateisetching a S ', then the features oscillate between
theendpoints S and S;'. For this casethe features etch faster
than the substrate and no hummocks form (see text). This
type of analysis can be carried out for any incident beam
direction.

rate of material loss for features on arotating substrate. We
useaformalism similar tothat of Cong-Xinet. d. [5], athough
our method lendsitself well to the description of the evolution
of hummock featuresby simpleinspection of theyield curve.

For non-rotating substrates, therate of material lossis
obtained fromthe S(¢) curvein Figure 1. For arotating subdtrate,
the problemismore complex sincethe angle between thebeam
and any features on the substrateis not constant, but changes
as the substrate rotates. For the rotating anaysis, we use a
surface geometry as shown in Figure 2. A nominally flat
substrate definesthe xy plane and isrotating about the z-axis
a an angular velocity w. Any morphological feature on the
substrate is defined by its surface normal, n, which subtends
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an angle 6 with respect to the substrate normal. We refer to 6
asthefeatureangle. Thedirection of theion beam, B, isdefined
by the angle @with respect to the substrate normal. The unit
vectors describing B and n, are

B=sing X+ cos@ 2

@

N=sinfcosat X+sin@dsinat y+cosd 2 (2

With these definitions, the beam direction is defined
inthe xz plane and the feature normal isin the same plane as
the beam at time ct=mtt, where mis an integer or zero. The
angl e between the beam and the surface feature normal, a, is
obtained by taking thedot product of Equation 1 and Equation
2which gives

cosa =sinBsin@coswt +cosO cos@ ©)

So that the angle a is not a constant, but a=a(t). The
minimumvalueof a,a . =0 -@L] occurswhenwtisaneven
multipleof tand themaximumvaueof a, o =(6+¢), occurs
when ot isan odd multiple of Tt

To calculatethetotal loss of material per unit areaper
revolution of the substrate for a particular surface feature,
AN, wemust evaluate

AN =238 cosa S a )At(a) @

where At(a) isthe amount of time spent in the angular range
[a,a+Aa], cosa is proportiona to the beam intensity and
S(a) istherateof remova of materia for agivena from Figure
1. To evaluate this expression we need the function At(a).
Using uniformintervalsAa werelate Aa and At by the Taylor
series expansion

2
pa=9% pr+ A7 pp 2y ®
dt 2 gt
where At=At(a). If wetake Eq. 5tofirst order only, then
Aa
At(a)= —— ©)
() |da/dt |

Thisformulaisnot sufficient, ascal culating doi/dt from
Equation 3 resultsin At(a) — oo at wt=mrt, i.e. singularities
resultsat a=a , whenmisevenand a=a,__ when misodd.
To eliminatethe occurrence of thesingularity in At(a) at these
points, we must take Eq. 5 to second order. Going to second
order gives a quadratic equation which has no singularities
and can be solved at al points. In particular, at wt=mr,
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Figure2. Schematic diagram displaying the geometry during
the sputtering process. The ion beam is defined by the angle
(pand the surfacefeatures are defined by 6, with respect tothe
surfacenormal. Theanglebetween theion beam and thefesture
normal isa. Theflat surfaceisdefined by thexy planeandthe
substrate rotates around the z-axis at an angular velocity w.

At (amin )= @

V2
m+ |cot9-cotcp |

...m=0,24, ...
and

_ (200 )2
At ( omax )-Tw/COtle cot @ ®

...m=135,...

Figures3a, b and ¢ show plotsof At asafunction of ot
(going to second order in Eq. 5) for the case where ¢=65° and
6=20°, 40°, and 60°, respectively. From these plots it is
immediately apparent that At is a sharply peaked function at
wt=mrsothat effectively al theetching of aparticular feature
occurs at these points (thistype of behaviour isanaogousto
an oscillating smple pendulum, i.e., the amount of time the
pendulum spends near the maximum amplitude isrelatively
largeasaresult of thesmal angular vel ocity, whilethe pendulum
spendsarelatively small fraction of thetimeinthevicinity of
the equilibrium position as a result of the large angular
velocity). Therelative heights of the peaks for m odd versus
meven, for agiven gand 6, aregiven by theratio of Equation
8 to Equation 7. Note that more time is spent at the points
where a=a__ . This effect is, however, outweighed by the
fact that the effective area as seen by the ion beam is very
largefor largevaluesof a, i.e., thebeamintensity per unit area
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Figure3. Plots(a), (b) and (c) show the amount of time asurface feature spendsin aparticular angular range during rotation for

0=20°, 40°, and 60°, respectively. Theion beam angle g=65°. Theplotsare sharply peaked at o

anda_ (seetext)indicating that

min

most of the timeis spent in these angular ranges during rotation and, as a result, effectively al of the etching occurs for these
angles. Plots(d), (€) and (f) arethe sameasin (a), (b) and (c) except that the time spent in agiven angular rangeiscorrected for the

beam intensity cos(a).

is greatly reduced. Thisis evident from Figs. 3d, 3e and 3f
which show the function Atldos(a) versus it for the same
casesinFigures 3a, 3band 3¢, i.e., thetimespent at each angle
corrected by the beam intensity at that time. Note that if
cos(01)<0 then no sputtering occurs since the surface feature
isshadowed from theion beam. In generd, Atidos(a) islargest
ata=0 . and so most etching occurs a this angle.

With these commentswe can now obtain an asymptotic
expression for the total loss of material per unit area per
revolution, AN: weapproximate At(a) by two deltafunctions
at the points wt=0,11and so the angular dependent terms can
be regarded as constants and taken out of the summation.
Thus Equation 4 can bewrittenintheform

AN = cos(6- @) (8- @) zgmii At( ot in )
+ cog( 0+ @) Y6+ 9) ngfv\(,vzz Aot max ) ©

wherew, isthe“width” of thepeak i. Wenotethat wisnot the
samefor both peaks. If we define 2w, asthefull width at half
maximum of peak i, then we can cdculate the width from
Equation 5. Itiseasly shown that, using Equation 5to second
order, the width of the peaks are proportional to the peak
height. Specificaly, 2w=wAt(wt=mm). Then the sums in
Equation 9 are proportional to the square of the respective
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pesk height. Therefore, thetotal lossof material per unit area
for an arbitrary 8 and @ per revolution is approximated by

AN (8,9)=C cos(8-¢)| cot®-cote |6-@)

+ Ccos(0+ @)(cotb+cot @) 0+ @) (10)

where C=2Aa/w.

Thefirst termin EqQ. 10 corresponds to wt=0 and the
second term corresponds to wt=Tt These two points have
different etching rateswhich depends on the particular values
of 8 and . Therefore, the total etching rate of the surface
feature can be approximated by the weighted average of the
sputtering at these two “endpoints’ (given that the total
material lossisstill the same, i.e. the areaunder the curvein
Fig. 3(a) is not changed, but merely redistributed within the
endpoints with the appropriate weighted average). As we
describe below, this alows for a simplified description of
hummock formation on rotating substrates by visual
inspection of Figure 1.

An interesting case occurs under the conditions (i)
B=@and (ii) 6+@>90° sinceboth termsin Eqg. 10 arethen zero
(the second term is zero due to shadowing). Therefore, this
type of surface feature doesn’'t etch at all, within the
approximations we have used. This result is independent of
theform of theyield curve (aslong asthe curveissufficiently
broad so that it can be taken out of the summation as in
Equation 9). Therefore, inthelong timelimit, thisisthefesture
orientation that will surviveand onewill end up with facetted
hummocks. Once afacetted shapeisreached as shown by the
solid line in Figure 4, it will be maintained as there are no
dower etching planeson the hummock. With further sputtering,
the base size of the hummock increases sincetheflat portion
of the substrate etches faster than the sides of the hummock.
The height, however, remains constant since the top of the
hummock and the substrate have the same orientation. The
rate of increase in the diameter of the base is constant and
does not depend on theinitia size of the hummock, only on
theetching rate of theflat substrate. The areaof the hummock
base grows as t2 Since the height of the facetted hummock
remains constant, the shape of the hummock is not strictly
conserved during growth. The ratio of base diameter to the
top diameter decreaseswith etching time and approachesthe
valueof linthelongtimelimit.

A simplified method for the description of hummock
formation (or lack of hummock formation) can be employed
by using Equation 10 and the yield curve in Figure 1. Note
that our description does not include effects such as surface
diffusion and re-deposition during sputtering. First consider
a “perfectly flat” surface which is bombarded with ions.
Regardlessof @(aslongasitisconstant), hummockswill not
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Figure 4. During etching, the base diameter of a facetted
hummock increaseslinearly withtimefromd, tod,. Theheight
of the hummock remains constant.

formsincetheentiresubstrate etchesat the samerate. However,
if the substrate contains small deviations, e.g., areas with
anglesof afew degreesoff normal, thesewill, ingeneral, etch
a different rates and the evolution of the surface can be
inferred graphically fromtheyield curve. Referring to Figure
1, we assume for example that the angle of the beam with
respect to the substrate normal corresponds to the point
marked S, and the flat substrate etches at thisrate. However,
afeature angle afew degrees different than the substrate will
oscillate along this yield curve, e.g., between the points S
and S, during rotation. Themovement along theyield curveis
very fast near S and very sow near both S and S, i.e., most
timeis spent at these two endpoints. With the approximation
made in arriving a Eq. 10, the movement is infinitely fast
between S and S, and all of thetimeisspentat S and S,. To
determinewhether hummockswill form, onemust determineif
the weighted average of the etching ratesat S, and S, (from
Equation 10) isgresater than or lessthan the etching rate of the
flat substrate. If this end-point etching is faster than the
substrate then the surface features etch faster and no
hummocks form. If instead the flat substrate etches faster,
then hummockswill tend toform.

Note that deviations from a flat surface are not
exclusively required - divergence of theion beam resultingin
deviationsin ¢@may aso result in similar effects. In addition,
defectsin the bulk of substrate, which reach the surface after
sufficient etching, may etch at different ratesand enhancethe
probability of the nucleation of new hummocks.

We now use this method to illustrate its simple
applicability to afew examples with different values of the
beam direction ¢. We assume that the feature angle, 8, with
respect to the surface normal isinitialy no more than afew
degrees. The“endpoints’ for each value of @areindicated in
Fig. 1. In these examples, the time spent at an endpoint is
interpreted as Atldos-(a), i.e. the actual time spent at the
endpoint corrected for the beam intensity factor.
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(8 @=65°(S,, S,, S, case); theaverage of theendpoints
isawayslessthan the etching rate of theflat substrate so the
small angle features etch dower, and hummock formation
should occur. Thisisin agreement with theresult that hummock
formationismost prominent at themaximum of theyield curve.

(b)9=45°(S,",S,",S," case); theaverageof theetching
rates of thetwo endpointsisabout equal to the etching rate of
the substrate since this position on the yield curve is
approximately an inflection point. However, since relatively
moretimeis spent at the smaller angle wherethe etching rate
is less than the flat substrate, the overall etching rate of the
feature is less than the flat substrate and again hummocks
form.

(c) @=80° (S,, S, S, case); this position is also
approximately an inflection point of the yield curve and
therefore the etching rates at the endpointsis nearly equal to
the etching rate of the flat substrate. However, moretime is
spent in the vicinity of a=a_ . where the etching rate is
significantly higher than the flat substrate. Therefore, the
deviations etch faster and the substrate smooths out. Indeed,
any valueof B with ¢=80° givesasimilar result. Large® values
will cause shadowing at one endpoint (¢>90°), but the other,
when corrected for thebeamintensity will morethan makeup
for any shadowing and the overall etchrate of thefeature will
belarger thantheflat substrate. Sputtering inthisgeometry is
used to avoid hummock formation in SIMS and TEM
preparation.

The type of graphical analysis may be carried out at
any starting point, S, and may also be extended very smply
toany systemwhich hasan arbitrary yield curve (if oneexists
that issignificantly different thanFig. 1).

Evolution of TwoHummocks

We now turn our attention to the evolution of two
hummocks in close proximity on the same surface. As we
showed in the previous section, the areal size of a single
hummock will incressewithtimesothat if two hummocksexist
on the same surface, they will eventually affect each others
growth. The interaction of two hummocks is a complicated
Situation involving partia shadowing of one hummock by
regions of the other hummock during rotation. Therefore, we
only provide plausible arguments.

We assume that the two hummocks have reached a
facetted shape before interaction occurs and that the
hummocksarethe sameheight. Also, to simplify theanalysis,
we assume that interaction does not occur until the bases of
thetwo hummocksarein contact. Theevolution of thisbinary
system is depicted in Figure 5, where the coa escence event
progresseswith timefrom the top of the figure to the bottom.
As sputtering proceeds, the region between the hummocksis
shadowed at both its endpoints (Equation 10) so very little
etching occursthere and the depression beginstoriserelative
tothetopsof thehummocks. Eventualy, thedepressionregion
will reach the top of the hummocks an elongated, facetted
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hummock exists. For simplicity we approximate this as an
eliptical shape. Sincethe growth rate of the base diameter of
the hummaock, asdescribed in the previous section, applied to
one of arbitrary size, both the long and the short sides of the
“dliptical” hummock will grow at the samerate. Thus, inthe
long time limit, the difference between the major and minor
axesof theellipsewill remain constant, so the eccentricity of
thisellipsewill tend to zero and the hummock will approach a
circular shape (fromaplanview perspective). Thesearguments
suggest that the base shape of hummocks after coalescence
asymptotically approaches the shape of a single isolated
hummock. The overall shape, however, is not strictly
conserved sincethe height of the hummock remains constant
throughout the coalescence event.

If instead the individual hummocks do not have the
same base diameter, the description of the coal escence event
issimilar except in thiscasethe smaller hummock ismerely a
perturbation on the shape of thelarger hummock. Therelative
size of this perturbation tends to zero as the event proceeds
and again acircular shapeisasymptotically reached.

Although we have referred to these types of events
as “coalescence”, it is more appropriately the mutual
overtaking of one hummock by another asaresult thegrowth
of eachindividual hummock. Cluster coalescence occursover
arelatively short time scale and isdriven by the minimization
of surface energies and the equilibrium shape is achieved.
Thisisnot the case for hummock coalescence so the process
differsfrom cluster coalescence.

Evolution of a Surfacefilled with Hummocks

Thetime-evolution of the hummock size distribution
is the most fundamental quantity to describe the global
properties of hummock growth. Once the hummaocks have
reached a facetted shape, the growth of the base of the
hummocksisquadraticintime. Superimposed onthisquadretic
growthisthegrowth of individual hummocksby coal escence
events. Diffusion of material across the surface is typicaly
negligible during hummock formation and growth so it is
anticipated that a coalescence-type of size distribution could
result. However, deviations from these distributions could
occur due to the details of coal escence events (as described
above), the lack of shape conservation, and the nucleation
rate of new hummocks. If nucleation of hummocks ceases
(i.e, sincedl initial surfaceimperfectionshaveeither formed
hummocks or have smoothed-out) theninthelong timelimit,
one hummock will remain on the surface. However, if new
hummocks continually nucleate (by mechanismssuch asion
beam fluctuations or the etching procedure exposing bulk
defects) then the hummock size distribution may approach
sf-samilar behaviour (withinthelimitsof theviolation of shape
conservation during coalescence events) and comparison to
coalescence theories of cluster growth can test these
concepts. Notethat with facetted hummocks, the appropriate
Size parameter to plot in the hummock sizedistributionisthe
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Figure 5. A time sequence showing the coal escence of two
hummocksfrom (a) aplan view perspectiveand (b) an edge-
on perspective. Time increases from top to bottom. For the
plan view, the solid lines represent the base diameter of the
hummock and the dashed linerepresentstheflat top diameter
of the hummock. The final hummock after coalescence
approaches a circular shape and the base shape of the
hummock is, therefore, asymptotically conserved after
coalescence.

base area of the hummock since the height remains constant.
Also, even though the growth of the base of an individual
hummock isquadratic intimethe global growth rate may not
have the same time dependence since coalescence events
and nucleation of new hummocksalter the global growthrate
from the local one. Testing the quadratic growth rate would
requirethe continual monitoring of the growth rate of isolated
hummocks.

Experiment

Inthissection experimental resultsof hummock growth
on surfaces are presented to test some of the concepts
discussed above. As the evolution of individual hummocks
has been experimentally well surveyed we concentrate onthe
coal escence of hummocksand the hummock sizedistribution.
Since the number of parameters that can be varied in the
experiments are numerous, and the computing of ahummock
sizedistribution isalengthy process, we concentrate here on
one set of experimental conditions.

Si(100) substrates were cut into 3 mm diameter discs
andweremechanically polished with 0.25 pm a uminapowder
to create a microscopically non-flat surface. This step was
done to ensure that hummocks would form under ion
bombardment. Cross-sectional TEM analysis of the polished
surfacereved sarelatively flat surfaceon ascaleof 50 nmand
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hasadid ocation network which extendsto about 25 nm below
the surface [8]. lon bombardment on polished samples was
donewithacommercid E.A. FischioneLtd.ionmilling system
at an angle of @=65°. The samples were held at room
temperature at a pressure of 1x10* Torr during ion
bombardment. Sampleswere milled with 6 kV Ar*ionswith
beam currents on the order of 200 PA. The rotation of the
substrates was approximately 2 revolutions per minute.
Scanning Electron Microscope (SEM) images of the
bombarded surfaces were obtained with an Hitachi (Tokyo,
Japan) S-4500field emission-SEM.

Figures 6a and 6b show high and low magnification
SEM micrographs, respectively, of asampleirradiated for 30
minutes. The individual hummock features are circular and
have sizeswhich rangefrom about 10 um downto about 1 um
as measured by the diameter of the hummock base. Only
hummocks in the central region of a Si disc were analyzed.
(The plan view hummock shape near the edge of aSi discis
dliptica rather than circular andisaresult of thebeam geometry
and beamintengty profile, i.e, thegradientinthebeamintensity
across the surface is not radialy symmetric, but is largest
perpendicular to the beam direction and smallest parallel to
thebeamdirection). Of particular notein Figure6isthelarge
number of coalescence eventsthat are occurring. Someevents
arejust beginning (marked S), othersare well under way and
appear asfigure eight shapes (marked M) and othersare near
completion (marked E). Two hummocksthat havejust begun
to coal esce each have typically the same shape as an isolated
individua hummock and thissupportstheideathat the shapes
of thetwoindividual hummocksevolve, to areasonabledegree,
independently until their perimetersbegin to overlap. By visud
inspection of the events that are at different stages of
completion, itistheregion between thehummocksthat initially
“fillsin” withmaterid (i.eit etchesdower), and eventually the
near elliptical shape evolves. Asan event nearscompletion, a
circular shape is approached. There are a large number of
multiple coal escence eventsthat are occurring, that is, where
three or more hummaocks are all interconnected and together
coalescing (or perhaps more aptly, percolating). In particular
istheregion Pwhere upwards of ten hummocksare mutually
coalescing. A more complete description of the details of
coalescence is required, athough inevitably this description
must al so include multiple events since these occur regularly.
Also of note in Fig. 6(b) is the tendency for grouping of
hummocksin specific regions, whileother regionsarevirtualy
free of hummocks. Thisisindicative of non-random spatial
nucleation and woul d depend on the detail s of the mechanical
polishing prior to sputtering.

Figure 7 shows an edge-on view of hummaocks. This
samplewas prepared by milling for only 2 minutesasthenthe
number of coalescence events is reduced and this facilitates
theimaging of individual hummocks. Theindividua hummocks
in general have a spherically-capped shape and only a few



GR. Calow

Figure6. High magnification (a) and low magnification (b) SEM images of hummockson Si(100). Thebeam angleis@=65° andthe
sputtering timeis 30 minutes. Thelettersindicate different stages of coal escence events: S- start of an event, M - inthemiddle of
an event, E - end of an event, and P - multiple hummocks coal escing.

hummocks have a facetted shape (labelled ‘' F' in the figure).
The contact angle of the hummocks to the substrate is about
25°. Thelack of facetted hummocksisdueto the short milling
time since then selective etching of particular orientations
hasnot had sufficient timeto createfacetting. Increased milling
times tends to increase the number of facetted hummocks,
although coalescence events then begin to dominate the
hummock shape.

A hummock size distribution was generated from a
sample sputtered for 5 minutes. A typical SEM micrographis
shownin Figure8. Thehummock sizedigtribution (HSD) from
thissamplewasgenerated from many micrographscontaining
atotal of morethan 1000 hummocks. We definethesizeof an
individual hummock astheareaof itsbase, A. For caseswhen
two or more hummocks are coal escing, wetreat these asone
individual hummock with abase area equal to the total base
area of the hummocks involved in the coaescence. Since
coalescence events were found to typically involve larger
hummocks, this approximation method tends not to affect
hummocks in the smaller size range. The HSD is shown in
Figure 9 where the axes have logarithmic scales. Higher
magnification micrographsdid not indicate any hummocksat
sizes below those plotted. The data fit a power law
approximation, N a A* quite well over the size range of
hummocks observed, with p=-1.6 + 0.2. Alsoincluded in the
figureisthetheoretical codescencedistribution from Family
and Meakin [6] in the asymptotic region of small hummock
sizes. This portion of the theoretica curve is (i) the least
affected by the assumptionswe have made about thesizeand
shape of coalescing hummocks, and (ii) the form the
distribution curve initialy develops prior to the onset of a
bimodal peak at large cluster sizes[6, 15].
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The HSD agrees quite well with theoretical
digtributionsover therange of hummock sizesobserved. There
ishowever, adiscrepancy at small hummock sizes(noteagain
that the datais displayed logarithmically). These deviations
fromthetheory at small sizescan arisefrom either the details
of the coalescence of hummocksor, morelikely, thenuclestion
rate of hummocks during erosion. For the former, theoretical
distributions assume that coalescence events occur
instantaneously once the perimeters of two individual
hummockstouch. Thisisnot thecasein our experimentswhere
the time to complete a coalescence event is very long. This
allows for multiple coalescence events which may, in part,
contribute to the deviations, but this predominantly affects
only the larger size hummocks. For the latter, theoretical
distributions are based on continuous nuclestion of new
hummocks and therefore, a reduced nuclestion rate in our
experiments after sufficient etching would account for the
observed discrepancy. This is consistent with other
experiments[5] wherenuclestionisdominated by initid surface
imperfections and the rate then decreases once these
imperfections have either smoothed-out or nucleated
hummocks. Inthissense, thetime dependenceof thedeviations
inthesmall sizeregion of the HSD could be used to infer the
details of nucleation rates.

Control over the hummock size distribution and the
spatial density of hummocks, therefore, requires control over
the nucleation rate as etching proceeds. For example, to
manufacture HSD’s which approach the theoretical
coalescence distributions, one needs continuous nucleation
of hummocks. Two potential methods for achieving this
include: (i) creation of bulk defectsthat, oncethey havereached
the surface after sufficient etching, act aseffectivenucleation
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Figures7and 8. SEM imagesof hummocks. Figure7 (at left). SEM image showing anearly edge-on view of hummocksformed
after 2 minutesof etching at (=65°. M ost hummaocks have aspherically-capped shape. Some hummaocks (marked F) havefacetted
edges. Figure 8 (at right) SEM image of hummocksformed after 5 minutes of sputtering at ¢=65°. Thismicrograph, and others,

were used to generate ahummock size distribution.

centres. Such defects could be attainable by Si implantation
to generate appropriate defects, or eg., by low dose Co ion
implantation which forms small CoSi, precipitates and this
chemical difference may induce hummock nucleation; (ii)
sufficient divergence of the ion beam during sputtering.
Technically, the second method ispreferableif it providesthe
nucleation ratesrequired. If instead onewantsto manufacture
hummocks which have a uniform size and uniform spatia
density for the potential application of creating patterned
surfaces for heteroepitaxial overgrowth, one needs a large
nuclestion rate for avery short period of time followed by a
nearly complete suppression of hummock nucleation.
Therefore, uniform ion beams and samples with high initial
surface defect densities combined with low bulk defect
densitiesarerequired.

Further experimenta studies of the evolution of the
hummock size distribution are required. These include the
dependence of the distribution on sputtering time, ion beam
energy, ion beam current, ion beam geometry, pre-sputtering
surface preparation, and treatment of the bulk of the sampleto
either enhance or inhibit continual nuclestion of hummaocks.

Conclusions

A theoretical modd of hummock formation on rotating
substrates has been developed that details (1) the evolution
of asinglehummock intermsof oscillationsa ong the sputter-
yield curve, (2) the cod escence of two hummocks, and (3) the
evolution of ahummock-filled surfacein termsof ahummock
sizedistribution.

These theoretical concepts were tested for Ar*
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sputtered Si(100). Hummock coalescence events are
consistent with the theoretical description where (i) the
interaction of hummocks is negligible until the bases of the
two hummocks come into contact, and (i) the base shape of
thehummock isasymptotically conserved after acoal escence
event. The experimental hummock size distribution deviates
from thetheoretical model which appliesto cluster growthon
surfaces. The deviations are most pronounced for small
hummock sizes and indicates that the nucleation rate of
hummocks s not constant during ion beam etching.
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Discussion with Reviewers

E.A. Fitzgerald: It soundslike defectsare needed to form the
hillocks, and they are purposefully introduced through the
polishing procedure. The defects are not desirable for the
heteroepitaxial growth process described, and therefore
another method to encourage hillock formation must be used.
Author: Since the defects created by the polishing extend
only about 25 nm below the surface, after sufficiention beam
etching the defectswould be removed. Thisappearsto bethe
casefor the present experiments sincethe continual nucleation
of new hummaocks is reduced as seen by the lack of small
hummocksin the size distribution.

As mentioned, the formation of hummocks without
the need for surface defects might be realized by adivergent
ion beam. This has not been tested.

E.A. Fitzgerald: Thestrainfieldsfrom defectsmust ater the
local sputter-yield curve (Fig. 1) drastically. Therefore, the
author needs to develop the theory to employ a spatially
variant sputter-yield curve to model this situation.

Author: A spatialy variant sputter-yield curvewould result in
a more complete description of hummock formation and
evolution. Particularly with regard to hummock nucleation.
However, such an extension of the theory would require, for
example, detailsof the effectsof the strain field on the sputter
yield and the spatial distribution of the defects that giverise
to the strain field. Such atreatment, while needed, is beyond
the scope of this paper.
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D.D. Perovic: The author mentions a possible technol ogical
application of a surface containing hummocks of a uniform
sizeagpatia density for the potential application of creating
patterned surfaces for heteroepitaxial overgrowth. Can the
author elucidate the mechanism of heteroepitaxia growth on
asurfacewith hummocks.

Author : The mechanism described in the paper by Luryi and
Suhir (reference 9) isthe geometrical confinement of strain.
Specifically, a patterned surface geometry results in the
confinement of thestraininthe overlayer to thevicinity of the
substrate/overlayer interface. If the thickness over which the
strain field vanishes is less than the critical thickness for
didocation formation, then the surface of the overlayer would
be strain, and defect-free,

D.D. Perovic: Theauthor mentionsthat the hummocks possess
a contact angle of 25°. What is the origin of this specific
angle?

Author: Based on Equation 10, the predicted contact angle of
thehummock to the substratefor abeam geometry of ¢=65° is
6=65° since, for this hummock orientation, both terms in
Equation 10 are zero and no etching of thisfesture orientation
would occur. The observed vaue of 6=25° is likely due the
dow differentia etching between features with 6=25° and
features with 6>25°. This can be seen from the yield curve
(Figure 1) for the case where ¢=65° asfollows: when 6=25°,
one endpoint isat 90° and the other is at 40°. For any larger
values of 6, there is no change in the etch rate near the 90°
endpoint (theyield is zero for 8>90°) and little changein the
etch rate at the other endpoint since the yield curve becomes
very flat.
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