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Roughening and ripple instabilities on ion-bombarded Si

G. Carter and V. Vishnyakov
Department of Electronic and Electrical Engineering, University of Salford, M5 4WT United Kingdom
(Received 29 July 1996

Experimental studies of 10—40-keV Xeon bombardment of Si at polar incidence angles between 0° and
45° to the surface normal at temperatures between 100 and 300 K show little roughening for near normal
incidence but ripple production for 45° incidence. It is shown that inclusion of the directed flux of atoms
parallel to the surface and generated by ion bombardment in a stochastic differential equation description of the
dynamics of surface evolution during sputtering erosion can induce smoothing for near-normal ion incidence.
For oblique incidence, roughening and ripple production occurs with a late stage dynamics dictated by the
competition between curvature-dependent sputtering processes and surface refekatiors also, probably,
irradiation motivatell gradient-dependent sputtering, and other higher-order effects.
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INTRODUCTION atomic drift parallel to the surface in addition to the gener-
ally accepted isotropic ballistic diffusivity, and included

lon-bombardment sputtering of solids leads to their erothis in a generalized stochastic differential equation descrip-
sion and, since ion arrival is a stochastic process and spution of surface evolution, but did not examine its detailed
tering events are spatially distributed and of variable magniform nor its influence on the surface dynamics. The present
tude, surfaces are generally roughened during bombardmerftudy examines this effect in more detail, and shows how its
In the case of semiconductors and other materials which arf@clusion can aid an explanation of the experimental results
amorphized by bombardment, this roughening has been ofutlined earlier.
served to be spatially periodié and of ripple form, with a
wave vector parallel to thg projection of the ion flux on to _the EXPERIMENT
sample. A number of earlier studf¢sdemonstrated that this
ripple structure apparently only develops for ion flux polar  Xe'-ion bombardments of Si at energies of 10, 20, and 40
incidence angle# to a surface normal greater than 30°—40°.KeV were undertaken with an isotope separator with ion flux
The present studies, with 10—-40-keV X&éombardment at densities of &10" ions cm ?s ™, ion fluences in the range
normal incidence or a polar incidence angle of 45°, on to SiL0Y-10° cm™2, and for target temperatures maintained be-
were undertaken in order to explore this phenomenon furtween 100 and 300 K. The majority of the studies were un-
ther. Additionally, ion fluence was varied over several orderglertaken for a polar incidence ion angle of 45° to the surface
of magnitude(10—10?° cm™2) and the substrate tempera- normal, but comparative studies were also made for normal
ture was varied from 100 to 300 K to examine the factorsand near-normal ion incidence. Following irradiation the sur-
which induce ripple formation and evolution. It will be dem- face topography was examined by atomic force microscopy
onstrated that the absence of ripple formation for near{AFM) including two-dimensional Fourier-transform analy-
normal incidence was confirmed, and that for 45° incidencesis.
the results do not correspond to current theory on the com- Before irradiation the surface exhibited a random rough-
petition between curvature-dependent sputtering and thermakss of mean amplitude 2 nm. After irradiation the first signs
surface diffusion in initiating and developing ripples. of a correlated periodic structure resulting from 40-KeV ir-

Recently a number of theoretical studie have exam- radiation at 300 K were clearly observed for an ion fluence
ined the dynamics of the roughening instability and rippleof about 18" ion s cm 2. This structure and fluence seem to
production based upon the above or a similar process conipe independent of the initial surface orientation which is en-
petition, but these cannot explain the lack of ripple produc-irely expected since the irradiation would create amorphiza-
tion for small values of), nor, indeed, the absence of generaltion of the near-surface region of the Si at a fluence 2-3
roughening with a preferred correlation length. The presenorders of magnitude lower than this value. Figure 1 shows
investigations show how inclusion of a previously ignoredtypical AFM images, cross sections, and two-dimensional
surface smoothing mechanism can resolve this dilemma. Thieourier transforms for irradiations at 100 K. It is clear that a
majority of earlier treatments® are based upon the compe- quasiperiodic ripple structure of approximate wavelength
tition between roughening processes which result from tha=0.4 um is generated, with wave vectqg parallel to the
surface curvature dependence of the sputtering prftéés ion flux projections on the surface. When bombardment was
and the random nature of sputtering and smoothing processesnducted at normal incidence, even to much higher flu-
resulting from surface!®*3or bulk diffusion}* and the sur- ences, not only was the surface roughness much less than for
face gradient dependence of the sputtering prot@83®  45° incidence, there was no sign of any surface correlation
Carter, Nobes, and Katardjivalso suggested that ion and length similar to the 0.4s#m periodic structures. Further
atom-atom collision processes could provide a ballisticstudies with other incidence angles between 0° and 40° re-
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FIG. 1. Silicon implanted with X&, 40 keV
at 45°, ion influence X10'® ions cmi 2 at 100 K.
(1) Grayscale image(2) Fourier transformation.
(3) Cross section of the grayscale image along the
line.

8 Line Length (un) .

vealed no evidence of ripple formation for any of the experi-equation description of surface evolution generalized by
mental conditions described earlier. Figure 2 shows a typicaCarter, Nobes, and Katardji#\following earlier determinis-
AFM image for normal ion incidence irradiation. The behav-tic description by Bradley and Hargérand more limited

ior of the surface roughness amplitude and the wavelengtstochastic description by Eklund and co-worR&rfS and

\¢ is shown as a function of ion fluendefor 40 and 20-keV  Chason and co-workef<? In this approach the random ar-
irradiation at 300 K in Fig. 3. For 40-keV irradiation the rival of ion causes local sputtering, with a yield dependent
mean wavelengttdetermined from two-dimensional Fourier ypon surface gradient and curvature which generates rough-
transform$ remains constant over a wide fluence rangeening, but this can be compensated for by surface atomic
while the amplitude increases approximately linearly with gigr,sion. For ion incidence at angiéto the surface normal
fluence, until a fluence was reached at which the mean wavey, g an initially plane surface, the time dependence during

. . N 2 .
deviation from the mean surface is becoming larger, the qu%ioemvsg\rg?/eerclioo[; g‘oemhaei:]grst S%Zﬁlf;/on functigr(a, )| in

sisinusoidal structure began to transform to a corrugated and
faceted structure. For 20- and 10-keV bombardment, the Ih(g,1)]2= 5(q,t)R; [ exp Rqt)— 11, (1
wavelength observed was virtually identical to that reported a

above, but the rates of increase of amplitude were reducedhere

The 10-keV data required much higher fluen¢astside the

scale of Fig. 3 to develop similar amplitude waves. Finally R.=— Z|q| +v(2)al4(0)q2— B4, )
it may be noted that AFM observations of irradiated surfaces a P a

for all bombardment temperatures showed no changes in tl—? and p are the surface free energy density and viscosity,

espectively,a is the mean depth of energy deposition,
v(2)is the sputtering erosion velocity,;(0) is a calculable
function of 9, B is proportional to the surface diffusivity, and
DISCUSSION . .
7(q,t) represents the ion beam random arrival. At the end of
In order to explain these results, we first attempted a comiradiation, when the bombardment motivated roughening
parison with the low-amplitude linear stochastic differentialprocess ceases, any thermal-diffusion process, which also

surface morphology as a function of time after cessation o
bombardment.
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FIG. 2. Silicon implanted with X&, 40 keV
at 0°, ion fluence at 100 K1) Grayscale image.
(2) Fourier transformation(3) Cross section of
the grayscale image along the line.

x (A)
Line Profile

a Line Length (A)

acted during irradiation, should continue, and the surfaceurvature-dependent sputtering, competing with a thermally
roughness should, at constant temperature, decay exponedriven surface relaxation process, cannot explain the results
tially with time. No such relaxation was observed. described here.

If the dominant mode of surface smoothing is via thermal Gutzmann, Klaumunzer, and Schumadéhepbserved
surface diffusion, then Ed2) predicts that waves of vectors ripple growth and motion on 200-300-MeV'-l and
q.=[v(z)al'1(#)/2B]*? should develop preferably and Xe*-irradiated metallic glass, and attributed this, mainly, to
grow exponentially in amplitude. Although;(#6) is not too  radiation-induced deformation and creep processes which are
sensitive to ion energya will increase with ion energy, known to occur in amorphous materidfs;*and in which the
while the surface diffusion term should change rather rapidlyirradiated target suffers continuous and irreversible compres-
with temperature. Neither of these behaviors were observesion parallel to the ion flux direction, and expansion trans-
in the y. behavior in the present study. Further, parametekerse to this direction. This process is related to the effects of
I'1(0) is predicted Eq. (10)] to be relatively insensitive t6§  the, mainly, inelastic energy-loss process suffered by such
and, although periodic structure should not develop for norenergetic ions, and no evidence has been f&tiud similar
mal incidence, features with a correlation length of the ordetieformation when elastic energy-loss processes dominate as
of yc(:2wq;1)should grow exponentially, which was not in the present studies. It is therefore unlikely that the same
observed. As already indicated, it is certain that the neacreep process can be responsible for the current observation
surface of the Si would be completely amorphized in thebut the following variant is plausible.
present studies and, in view of the low temperatures em- In addition to depositing energy to target atoms ion bom-
ployed, although it is unlikely that surface diffusion would bardment transfers momentum. Very little literature has con-
dominate, radiation-induced viscous flow as discussed bgentrated on this topic, but Littmark and Sigmémshowed
Volkert and Polmaft may very well be important. If this is that, as an ion penetrates a target, a resolved component of
the case, then E@2) reveals that only a saturation roughen- the momentum gained by target atoms is, close to the sur-
ing (or indeed a smoothing of initial roughneshould occur  face, antiparallel to the direction of ion penetratigimis cor-
with no dominant wave vector. Again this behavior is notrelates with the sputtering procgsbut for deeper penetra-
observed in the present study. It is therefore concluded thdion becomes parallel to the ion direction, increases to a
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Xe' bombardment, 300 K therefore suggested that, in the parameter range investigated
here, collisionally motivated atomic displacement and effec-
3000 L L A L 20 tive diffusivity can be the dominant surface relaxation
" B Mean wave amplitude for 40 kev 1 mechanism, although, at higher temperatures, thermal diffu-
1--®-- D Mean wave amplitude x5 for 20 keV . . . . .
418 sion may assume an increasing importance. Further studies
2500 - I ] over a wider temperature range, and with different ion flux

densities, are in progress to investigate any transitional be-
havior. lon flux density should be an important parameter

I 1 since, from Eq.(2), if the diffusion process is of ballistic
2000 - -

= 714 g origin, the ratiov(z): By should be ion flux density inde-
§ ] 1 B8 pendent and, consequently, so shogldand A \whereas the
2 J12 % ripple growth rate should increase linearly with ion flux den-
g 1500 1 I | 3 sity rather than the square law dependence found for 1-keV
2 Mean wave length § Xe*-bombarded Ge at higher temperatures, where thermal
g I for 40 keV 1410 g . . . .
z = surface diffusion was proposed to be the dominant relaxation
§ 1000 - T mechanisnf.

108 B Although ballistic diffusivity can account for the tempera-

ture insensitivity of ripple production it cannot, alone, ex-
dos plain the lack of ripple or correlated feature roughening for
nearer-normal-incidence ion irradiation. However, the sec-
ond ballistic displacement effect outlined earlier, atomic
drift, can provide an explanation. In order to demonstrate this

500

0 *:"' — . . ] effect, the stochastic differential equation which leads to
0 5 10 15 2 25 Egs.(1) and(2) is reexamined and extended.
Ion fluence [10'7ions/cm 2] For analytic simplicity the +1 dimension systems only is

considered here with an ion flux of mean valuecident at

FIG. 3. Silicon implanted with X& at 45° and at 300 K. Mean angle ¢ in the x0z plane to the normal to the meanx)0
peak-to-peak wave amplitude and mean wavelength dependencidirection of a gently undulating surfacee., gh/dx is every-

upon ion fluence. where small, wheréh is the local height The sputtering
yield (number of atoms sputtered per incident)iof( ¢, x),

is taken to be a function of the angle of incidengg to the

maximum, and falls to zero. For ions incident obliquely on alocal surface norm&t and to the local curvature,"*~*?and
surface, this implies a component of momentum resolvedhe solid atomic density il Bradley and Harpéf showed
parallel to the surface and a component of momentum refuhat, due .to sputtering erosion al_one, the deterministic defin-
solved normal to the surface. For normal incidencertiean ~ iNg equation forh(x,t) can be written

transverse momentum will be zero, but atoms will be dis-

placed both parallel and transverse to the incident ion direc-

tion, constituting an effective ballistic diffusivity. The oh J J 9 oh
transverse momentum for non-normal incidence will consti- ——==Yo(0)— = —[Yo(O)cosH]|—

tute an effective atomic drift parallel to the local surface. gt N N d¢ X

Both these processes were suggested in a qualitative manner, Ja 92

in a generalized stochastic description of surface evolution in +W Yo(0)T'1(6) Vel 3)
Ref. 16.

Considering, first, the effective ballistic diffusivity result-
ing from energy deposition and atomic displacement, simpli-
fied estimates by AndersErsuggest that the effective diffu- whereY,(6) is the sputtering yield of a plane surfacejs
sivity, proportional to B, should scale approximately the mean depth of energy deposition by an ion, Bpgb) is
linearly with ion energy, and be insensitive to target tem-a function of§, and the standard deviatiomsand j of the
perature. In fact the overall parame®@¥ ,(6)/B« will be bi-Gaussian ellipsoidal ion energy spatial deposition density
relatively insensitive to ion energy and so, as described eafunction. For an order-of-magnitude estimation the ellipsoi-
lier, the observed ripple wavelength should be relatively in-dal distribution may be approximated by a spherical distri-
dependent of incident ion energy and target temperaturdution witha=a= g, in which case
Moreover, the rate of increase of ripple amplitug, at the
selected wave vector is dependent not only upoi',(6),
and By, but also upornv?(z). Even in the combination of I'1(6) =sir?6—(cos 6/2)(1+sir?). (4)
the former parameters is only weakly dependent upon ion
energy(and will in fact increase with ion energythe surface
erosion velocityv(z) certainly increases with ion energy in If, now, the stochastic nature of bombardment and sput-
the range investigated. Consequently a ripple growth rate itering, surface relaxation processes and any atomic drift par-
expected, as observed, to increase with ion energy. It igllel to the surface are considered, then 8).becomes
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—oh J J 9 dh yloh elastic collision processes, of a relatively low-energy ion into
i N Yo~ 75l YolO)cos] +7—7 x a solid, a cascade of moving atoms is generated, and these
slow down to rest. Those atoms with outwardly directed mo-
a h 1 9 Bs*h mentum and sufficient energy to surmount a surface energy
N YOO a+ o F(S)+—7 barrier are sputtered, but those with forward momentum may
be permanently displaced, particularly in an amorphous
+ n(x,t). (5) solid. Additionally, those atoms ejected from the surface

with too low an energy to escape the energy barrier will
The termy/ 5|dhl/ax| has been suggested by Chastral?  translate parallel to the surface, and be recaptured. For ions
to account for viscous relaxation effecty is identically ~ incident obliquely(6>0) onto a surface, this is equivalent to
equal to the surface free energy density, arto the viscos- ~ generating a component of atomic momentum parallel to the

ity). As discussed earlieR has been associated with thermal Surface in the direction of the forward projection of the ion
surface diﬁusioﬁv5_10v13r14or, as in the preceding ana'ysis' flux on to the Surface, as demonstrated by Littmark and

with radiation assisted or ballistic effective diffusibral-  Sigmund:® Although an exact calculation of the net effective
though the bombardment-sputtering system is essentially orfd!rface parallel atomic flux is possible using the calculation
of multiplicative noise, Lauritsen, Cuerno, and Maksave ~Scheme of Littmark and Sigmurfd,an estimate can be ob-
shown that this can be accurately approximated by the sunf@ined by simplistic arguments. _
mative noise termy(x,t) with zero mean and mean square E?‘CE‘B incident ion generate$(E) =k(E)/2E4 atomic
equal to the mean ion flux. The term K[ dF (s)/x] de- recoils;® wherek(E) is the fraction of energy deposited in
scribes the effect of the gradient of any atomic flags)  elastic collisions, and, is a displacement energy. The re-
parallel to the local surface on erosion, whereas the othetoils will be anisotropically distributed, with favored motion
sputtering-related terms are consequences of atomic fluxgarallel to the initial ion direction, and travel, on average, a
normal to the local surface. small distancel of the order of a few interatomic distanc¥s,
Equation(5) can be further supplement&d by addition eithe_r across the s_urface plane or below the surface plane. A
of a nonlinear term X,/2)(dh/d9x)? to account for the fracnon (Qrderé) will trgvel such_ a distance parallel to the
higher-order variation off,(6) and somewhat arbitrarify, 0N flux direction or a distance sin(6— y)parallel to the sur-
but in analogy with deposition and growth mod#idy ad- fe}ce. The total atomic flux paralle! to the local surface is thus
dition of a smoothing factow,(d2h/dx?). It will be shown  given by F(s)=J cos@—)f(E)d sin(6—7), wherey is the
shortly that this is, in fact, the form of the surface paralle/local angle between the surface normal and the mean surface
atomic drift gradient component. From the solution of a genormal, and is equal to the local gradignt=tan™*(dh/ax)]
eralized three-dimensional deterministic E8), as indicated ©Of the surface. In the same, first-order, expansion as in
in Eq. (2), which also ignored the surface parallel flux EQ. (3), with y~dh/dx,dF(s)/ds~dF(s)/dx, and oh/at
F(s), Bradley and Harpé? demonstrated, by evaluating =(1/N)[dF(s)/dx](1/cosy), the gradient of this flux
I'(6), that ripple production with wave vectay, parallel to ~ 9gives rise to a smoothing term () JF(s)/ox]
the projection of the ion flux on to the surface would occur= (J/N)f(E)d(5/36)(siné cos)(#h/ax’). Combining  this
for small 6, but, for larger6, the wave vector would be Smoothing term with the curvature-dependent sputtering
transverse to this projection. These coherent patterns resufffm of Eq.(3) and the approximation of Eq4) leads to a
from the competition between curvature-dependent sputtef2et destablizing term
ing, which roughens thﬁ) surface and smoothing terms. The B 2
value ofg. was predictet to be almost independent éffor —J . co . d
0>6>3m/8. For normaland near normalincidence no pre- W[ f(E)d cos2)—Yo(0)al sin'— T(1+S'n2‘9] Ev
ferred ripple direction is expected, but the roughness should (6)
still increase with a dominant correlation length similar to
0. Cuerno and co-workets® have examined the dynamics In this identity the number of recoils generatddE), will
and scaling properties of Ed5), including the nonlinear generally exceed the sputtering yietq#) by two orders of
term, assumingy, to be independent o, and excluding magnitude or more, whereas the cascade dimersionill
both the first-order relaxation term and the surface parallesimilarly exceed the mean recoil displacement distahck:
flux term, and indeed showed that ripple formation can bds therefore probable that the coefficients of the angular-
predicted with the wave vector described earlier. For earlydependent terms will be similar. Consequently, for normal
times the smoothing term reduces the rate of random rough#=0) and near-normal incidence, the destabilizing term is
ening while, for late times, the ripple structure dissociatespegative, and smoothing dominates roughening at all wave
and nonlinear effects determine the evolution; howeveryectors. Asé increases, the roughening term will assume an
these are not initially influential. Consequently, even if, forincreasing importance, and for some critiggl roughening
some unclear reason, the estimation$' gf¢) andI',(#) by  will dominate at all wave vectors. The exact valuedgfcan
Bradley and Harpel’ assumed to be valid by other be determined from more exact calculationsFgs), which
investigators;® are erroneous, these will only change theare currently in progress. This analysis clearly reveals the
observed habit of any coherent surface pattern, but not elimiangle, 6, dependence of the net smoothif@ roughening
nate the evolution of correlated features. It therefore seemsoefficientv, introduced by Cuernet al®
necessary to invoke a further surface smoothing mechanism The above scenario explains why roughening appears to
which dominates for near-normal ion incidence conditions. be suppressed for near-normal ion incidence on to Si, as
During the penetration and slowing down, generally bydemonstrated in the present and earlier wérihough ex-
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perimental data are not yet available to compare the dynamncreases. Unlike the processes discussed previously, which
ics of the interface width evolution in this case with the are local, ion flux shadowing is a more distant process, and is
theoretical predictions of Eq5) and the added smoothing related to extensive topography. Similar distant effects in-
term as evaluated by Cuerrat al® The approach also ex- clude redeposition of sputtered atomic flux from points of
plains how, wherg is increased, curvature-dependent rough_Origin to other surface regions and scattered ion flux,which
ening can compensate for the surface parallel atomic drifan enhance the incident external flux locdfyThese pro-
smoothing process, and enable ripple evolution. The selectékfSses will be relevant for normal as well as oblique ion
wave vector will be given, in the linear form of E¢s) by  incidence, and will become increasingly important as the ion
the square root of the ratio of the net coefficient of the roughincidence anglex to the local surface normal increases. For
ening term to the coefficient of the relaxation term. This will Normal incidence,«=60°-70° might be anticipated to be
depend upon the mechanism assumed for surface relaxatiéfitical, which, in real space, determines the maximum am-
which will dictate the dependence of the coeffici@tand  Plitude: wavelength ratigi.e., in Fourier space th(q,t)q
hence the selected ripple wave vector and amplification ratBroduct of features above which distance effects become
of the ripples? upon ion flux and temperature, as alreadyiMmportant. For oblique incidence&¢>0) this amplitude:
discussed. It should be noted that if only the first-order rewavelength ratio will be smaller. _

laxation term in Eq(5) is operative, then no ripple evolution  €onsequently, although the first-order nonlinear correc-
can occur. tion to Eq.(5) of the form suggested by Cuermes al® may

An interesting consequence of Eq8) and (5) is that well describe the ripple to rough'ening transition, it should be
ripples are predicted to translate in tBe direction with a  €xpected that higher-order nonlinear processes, which repre-
velocity — (J/N)(9/96)[Yo(#)cosd] as discussed by some sent the distant effec_ts descrl_bed above, will domma_te_ _the
authorst®! Recent attempfé to observe such a translation 'ate stages of dynamic evolution of the surface. For initial
have demonstrated their speed to be vanishingly small. Howgvolution stages, their influence will be negligible.
ever, it is knowR® that Y,(6#) behaves approximately as
Yo(6)sed for 0 as large as 45°, and so the predicted velocity
should, as observed, approach zero.

Finally, as shown by Cuernet al® for slowly undulating In conclusion, it has been demonstrated that the gradient
surfaces, the first-order nonlinear additive term related to thef the atomic flux parallel to the surface generated by ion
gradient dependence &f(6) can mitigate the roughening bombardment can compensate for the curvature-dependent
process but not fully compensate for it. In the linearizedsputtering process, and lead to net smoothing particularly for
equations(3) and (5), the surface gradients remain continu- normal incidence conditions, whereas, for larger incidence
ous, whereas, when the detailed evolution of a surface iangles, roughening and ripple formation can occur. Although
considered using Huygens's principle deterministicthe authors are not aware of atomic scale experimental stud-
approached? gradient discontinuities are generated by theies that support this conjecture, several related observations
inward collapse of peaks on the surface. In this case, followeonfirm its reality. First, longer flight path atomic redeposi-
ing reasoning similar to that of Tang, Alexander, andtion is well confirmed experimentalf}, and the shorter path
Bruinsm&® for surface growth, Carter, Nobes, and events across the surface plane under the influence of the
Katardjiev’? showed that any initial sinusoidal surface rap- surface binding forces should also occur. Second, at higher
idly transformed to a cusp and trough structdtiee cusps energies than discussed here, directional macroscopic mass
corresponding to peakwith the same wavelength as the transport of InP parallel to the surface under the oblique ion
initial sinusoid. The cusp-trough base height scales approxincidence condition has been observed experimentzlly.
mately agf A2N/8JY,(0)]t ™1, where\ is the initial sinusoid  Third, present studies have fully confirmed that no ripple
wavelength. Identifying this height with the interface width production occurs for €6<40° for Xe" ion-irradiated Si
of correlated features of wave vectqe (27/)\) indicates  with energies from 10 to 40 keV and, indeed no correlated
that features of wave vectgr smooth at a rate proportional features are observed. Finally present studies of
to q %2, i.e., long-wavelength features smooth more rap-Xe"-implanted Si have revealed that the ripple wave vector
idly than do short-wavelength features. This, large gradientg. is relatively insensitive to both ion energy and target tem-
nonlinear effect acts in a similar manner to the other relaxperature, and that following the end of irradiation no relax-
ation processes discussed earlier, except that smoothing dsion of the surface occurs. The only plausible explanation of
dominant at larger, rather than shorter, wavelengths. Moresuch observations is that the diffusive smoothing term in Eq.
over, the other roughening and smoothing processes digb) is of ballistic rather than thermal origin and, in the ab-
cussed earlier give rise to an exponentially increasing intersence of irradiation, no smoothing occurs. As indicated in
face widtif*® with time as compared to this * smoothing,  our earlier work'® irradiation can generate isotropic ballistic
and so, as concluded by Cueraial,® no steady-state rough recoil processes which are equivalent to diffusion, in addi-
morphology might be expected as a result of this procesgion to the directed process discussed here. The sources of
For non-normal ion incidence, however, shadowing pro-these additional terms appear to be well founded. It therefore
cesses may assume importance, and the surface could @ppears that the present experimental observations can be
come facetelirather than increasingly quasirandomly roughexplained, qualitatively, on the basis of ballistic atomic
as suggested by Cuerra al® Both the present work and transport processes, and the authors are currently engaged in
recent studie§ with a range of different ion species and extending the ion energy range and species together with a
energies bombarding Si targets have demonstrated that suchmputation of surface atomic fluxes in order to test the
a faceting transition does indeed occur as ripple amplitudenodel proposals more quantitatively.

CONCLUSIONS
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