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Atomic force microscopy study of 60-keV Ar-ion-induced ripple patterns on Si(100)
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The evolution of a ripple pattern on(3D0) surfaces induced by 60 keV Abeam incident at 60° with the
surface normal has been studied as a function of bombardment time essisitu atomic force microscopy
(AFM) in ambient condition. The ripple wavelength and roughness amplitud&V) increase with bombard-
ment time following a scaling lawet” and W t#, wherey=0.64+0.08 to a crossover value 0.22+0.07 and
B=0.76+0.03 to a crossover at 0.27+0.11. The ripple orientation and average wavelength observed in the early
stage patterned morphology can be described by a linear continuum model. However, the scaling exponents for
the power law variation of roughness amplitude and wavelength with bombardment time are not consistent
with predictions of the linear model or the Kuramoto-Sivashinsky-equation-based nonlinear model.
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I. INTRODUCTION simulation study on the ion-induced surface morphology in

In the process of obliquely incident ion bombardmeny ~ 2*1 dimensions by Hartmaret al* has shown that it is the
to keV region of a solid surface, the development of spon-nature of the surface_ dn‘fusmn WhIC.h declldes whether the
taneous ripple or wavelike morphology with spatial period-fipple pattern formed in early time will survive or undergo a
icity ranging from nm toum scale has become a topic of non periodic rough morphology for long time bombardment.
intense research in recent years, due to the fact that such a While the predictions of the linear theory are to some
self-organized surface pattern may open a simple and inexextent in agreement with the recent experiméht®satisfac-
pensive route to fabricate useful nanoscale textured materiory experimental results conforming the predictions of non-
als, such as templates for one-dimensional structutes-  linear theory are scarteand in some cases conflictig.
induced ripples are thought to be produced as a result of th€hus, the late stage dynamics of ion-beam-induced patterned
interplay between a roughening procesaused by surface- morphology remains a debatable issue and needs more ex-
curvature-dependent ion erosigoalled sputtering of the  perimental data for testing the theoretical models and con-
surface and a smoothing procédsia surface diffusion. trolling the pattern formation on solid surface via ion beam

Much attentiod= has been paid to the understanding ofroute. The purpose of the present paper is to focus on the
the dynamics of a ripple pattern on surfaces developed bgxperimental investigation of the morphology development
ion erosion using the theories developed for nonequilibriunfor medium keV Ar bombardment on Si at oblique angle of
surfaces/interfaces generated in grdilocesses. Based on ion incidence for sufficient long time to explore various fea-
the continuum theory of ion-beam sputtering by Sigmtind, tures to be expected in late stage morphology of the ion-
recently, Cuerno and Baraba&B)® or more generally Ma- sputtered surface.
keev, Cuerno, and Barabas1CB)* have developed a model
to describe the ion-induced pattern formation on amorphous
or semiconductor materials which are amorphized easily by Il. EXPERIMENTAL
ion bombardment. If crystallinity induced anisotropic diffu-
sion is included, the CB model can also be applied to de-  The ion bombardment of Si targdis-type S{001) single-
scribe ion-induced patterning on metal surfaces. The earlgrystal wafet was undertaken with a high current ion im-
stage morphology predicted in the CB maoda identical — planter(Danfysik) which is described in detail elsewhéfe.
with the linear instability theory, originally developed by The Si samples were irradiated with 60 ké¥Ar* ions at
Bradley and HarpefBH),? that predicts the formation of 60° angle of ion incidence with respect to surface normal of
ripple pattern oriented perpendicualar or parallel to the prothe samples. The ion flux was kept constant at around
jection of ion beam onto the surface of amorphous material 75 uA cm™2 for all irradiations and ion fluence up to
for obliquely incident ion beam. However, the late stage dy-~3.0x 10'° ions cnm? was chosen that covers a sufficient
namics of the ion-induced morphology is dominated by thdong bombardment timémore than 8 h Homogeneous irra-
nonlinear terms of the Kuramoto-Sivashingk§g) equatio§  diation was achieved via two-dimensional magnetic sweep-
involved in the CB modélas described by Part al? and  ing system. The Si samples were clamped onto a copper
Rost and Krud® Depending on the sign of the product of the block heat sink but such mounting arrangement does not
coefficients of the two nonlinear terms, the late stage morensure good thermal contact. As a result, temperature of the
phology may sho#?19 kinetic roughening to be described sample may rise around 150°C due to beam heating for pro-
by the universality class of the Kardar-Parisi-ZhaikdZ) long bombardment. After irradiation, the surface topography
equatiod! or yield the formation of rotated ripple structure of the samples were investigated by atomic force microscopy
(RRS (Refs. 9 and 1Por dots and hof€ on the ion eroded (AFM) in contact mode under ambient condition as de-
surface. However, a recent atomistic Monte CafddC)  scribed earliet®1°
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FIG. 1. AFM images of the Si
<_ surfaces for different bombard-
10860 s — 18900 s ment times with a fixed ion flux of
175 uA cm™2,
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Il. RESULTS more similar to a faceted ripple pattern as displayed in Figs.

1(c) and Xd) that remains stable for long-time sputtering

Before irradiation the surfaces of the Si samples exhibitedipto 30 300 s. Close inspection of the line scans or the
a root-mean-squar@ms) roughness of~0.2 nm. A corre-  height profiles shown under each AFM image of Fig. 1 as a
lated periodic morphology starts to appear after a sputterinfunction of sputtering time reveals that habit of surface pat-
time, t~440 s corresponding to a fluenee4.0x 10" ions  tern is changed from sinusoidgfig. 1(a)] to triangular[Fig.
cm? for the ion flux of 175uA cm™2 used in the present 1(b)] and sawtoothlikgFig. 1(d)]. Moreover, in all the stages
experiment. In Figs. (B)—1(d) we report four AFM images of the evolution of ripple pattern the orientation of the
taken at different times to follow the surface evolution versugipples are always perpendicular to the projection of ion
the sputtering time. A representative quasiperiodic ripple patbeam flux on to the surface as indicated by the arrow marks
tern from an early time morphology is presented in Fi@ 1 on each AFM images of Figs(d)-1(d).
for sputtering time of 540 s. As the sputtering proceeds the To quantify the observed ripple pattern we study the scal-
spatial periodicity or the wavelength increases and the regung properties of the interface as done in Refs. 20-22 for
lar ripple pattern starts to be distorted as shown in the AFMsurfaces with a periodiémound morphology. We evaluate
image of Fig. 1b) after a sputtering time of 8160 s. How- the height difference correlation functrG(r) of the AFM
ever, if the sputtering is continued, the morphology looksdata, withG(r)=((h;—h;)?, whereh; andh; are the heights

235313-2



ATOMIC FORCE MICROSCOPY STUDY OF 60-keV Ar-. PHYSICAL REVIEW B 69, 235313(2004)

T T T T T T T T bombardmenttimet[sec]
160 keV Ar'(6 = 60°) —Si m 10° 10°
3 T T
| s O i 1074 6o kev Ar'(0=60") — i BZ027+0.11
st ° | flux : 1750A em™
roughness {10*
amplitude .o 3 &09&
R 297 in plane £ @s“je -
1077 %9 length scale . 2 a2 E
,E. 1 . S RN 1 o 10 —_
a N . —
£ §os s Af%ﬁ%\v\mnz 3 7=022:0077 z
= 8L uee, _ 2 1424 5
& R 1] ® 5 5
Py u 1 > s
o o 7] % ,r" 2
: - ] 2 10" P Al E:
N e O 540s:5.6x10" ions em™® £ v o s
A 900s: 1x10' jons cm™ = o o2 W roughness amplitude 110
104 . v 8160s:9x10" ions cm” ° 0 08 O wavelength
1 o 10860s: 1.2x10" ions cm™ ] w~tf (a)
* 18900s:2x10" ions em™ | 10° e I~
o ————rrr T
2 3 60 keV Ar'(0=60") — gj 2x1 03
10 10 flux : 18uA cm* -
r[nm] —_ | rgughness amplitude
g O wavelength
FIG. 2. Square root of the height difference correlation function ry —_— b T
G(r) of the surfaces bombarded for different times. Each correlation 3 10%- £
function is the average over many AFM images taken from different 2 ;
areas of a surface. Arrows mafi the distance =d that gives the g' c ‘g,
first local minimum ofGY2(r) and(ii) the surface roughness ampli- - 110° 2
=]
tude W=GY(d/2). 8 3
%, z
of the surface at two locations separated by a distanaad 3 o
the brackets signify an average over pairs of poirasd j. = o o °
The dynamic scaling hypothesis st&fethat for r smaller 2x10’ : (b)
than the length scale of average separation of the periodic 2x10° 10*
featuresG(r) = r?®, where a is called the roughness expo- bombardment time ¢ [sec]

nent. Examples o6GY4(r) calculated from the AFM images

of the surfaces sputtered for different times are plotted in FIG. 3. The ripple wavelengthand the surface roughness am-
Fig. 2. In order to avoid sampling-induced oscillatighin ~ Plitude W as ‘a function of bombardment time. lon flue)
the G(r), care has been taken to include many AFM images 175 #A cm ™= and(b) =18 uA cm™.

in the averaging ofG(r) data. In our analysis we have |ength scale as a rough measure of wavelerigth the ir-
checked that 4 to 6 AFM images from each sample argegular periodic pattern.

enough to give statistically reliable data to obté(r) plot. In Fig. 3a), we report the variation of roughness ampli-
The correlation function here is calculated along the projectude W as a function of sputter timeshowing a power law
tion of the ion beam directio(the other direction is averaged behaviorWe«=t# together with the time scaling behavior of
out) on to the surface as indicated by the arrow marks in Figthe ripple wavelengthect” for the ion flux of 175uA cm™

1. The roughness exponeatwas determined from a fit to According to the scaling theofys is called the growth ex-
the linear part of the log-log plot o&¥%(r) vs r. The «  poOnent and reciprocal of is the dynamic exponent. Clearly,
remains nearly time invariant yielding an average value ofVe can recognize a crossover in the power law scaling/of
0.92. Following the method described in Ref. 22, we defindfom 8=0.76+0.03 to3=0.27+0.11. Further, the wave-

the surface roughness amplitudé(shown with upward ar- length of the ripple pattern underlies a coarsening process
row mark in Fig. 3 as the value of5¥(r) at the first local with y=0.64+0.08 to a crossover value of 0.22+0.07. Figure

; —_~1/2 i 3 shows that the wavelength of the ripple pattern in the
maximum, W=G"d/2), where thg ch_:;\rac_tenstm m_plane present study varies from about 700 to 3500 nm while the
length scaled (upward arrow mark in Fig. 2is the position

f he first local mini SY2(r). This definiti ¢ roughness amplitude varies from about 30 to 500 nm. Also,
of r at the first local minimum of5*(r). This definition of it respect to ripple pattern evolution we can classify three

rollfzghnes amplitude is preferred over the largémit of  {ime regimes from the Fig.(8). (1) Early time regime where
G"4r) because AFM data can be affected by artifacts athe average wavelength of ripple pattern remains more or
large length scales. The average peak-peak separation of thgs constant in the sputtering time regio#40—750 (flu-
oscillations observed in th&>(r) vsr plot (Fig. 2) is con-  ence range-4.0x 1017-8.0x 1017 ions cn?), (2) interme-
sidered as the measure of ripple wavelengith the present diate time regime extends from800 s up to~6000 s. The
study. At later times of the sputtering shown in Fig. 2, theregrowth exponen3=0.76 covers both the early and interme-
exists a first minimum but not a clear periodic oscillation, diate time regime, wheras the exponent0.64 covers inter-
and therefore the measurementloh the late stage pattern mediate time regime(3) The late time regime morphology
development can become somewhat irrelevant. In the latepans from~6000 s to~30 300 s. The crossover values of
stage pattern development we thus addptthe in-plane B andy fall in this regime.
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IV. DISCUSSION tween theory and experiment. The orientation of the ob-
served ripple patter¢Fig. 1) and that its wavelength remains
almost constant in the sputtering time range 400—80bs
responding dose range 40.0'-8.0x 10'7 ions cm?) as
depicted in Fig. 8a) is consistent with the early time ripple
dynamics predicted by the linear version of the G&ef. 3
A or BH (Ref. 2 theory. However, BH predicted exponential
gh=1V?h—(DT+D")V*h+ E(V h?+n(xy.t). (1)  increase of roughness amplitude in the early time is not ob-
served in our case, instead, a power law increase of the am-
Here v is the roughening prefactgalso called effective sur- Pplitude prevails in early as well as intermediate time with the
face tensiop generated by the ion bombardment sputter-Same value of the exponept The power law exponens
erosion procesDT andD' are designated as thermally acti- =0.76 observed here in early as well as intermediate time
vated surface diffusion constant and ion induced effectivd€9ime d|ff5ers from the early timg=0.25 obtained by Chan
surface diffusionESD) constant. The nonlinear termrep- ~ @nd Wang® for roughness evolution on 500 eV Abom-
resents the slope dependent erosion rate, wiieng define ~ Parded Silll) surface where no ripple topography is devel-
the local slopes and(x,y, 1) is an uncorrelated white noise oped. But it shquld be notgd that normal incidence ion beam
) N . was employed in the experiment of Ref. 25 where the surface
with zero average, mimicking the local random fluctuation of

- i o roughening is isotropic in great contrast to the anisotropic
the incident ion flux. All the coefficients of Eql) can be morphology observed in our case of ion bombardment at 60°

made directional in(x,y) space and their detailed expres- (with respect to the surface normal of the samphdso the
sions are knowr.Numerical simulation of the Eql) re-  etch rate is much less than one bilayer per minute in the
veals a clear separation in time of the linear and nonlineafyork of Ref. 25. Regarding the very early stage pattern de-
behaviors. Before a characteristic timet,,? nonlinear and  velopment and the corresponding variation of the roughness
noise terms can be neglectér=0,7=0) and Eq.(1) re-  amplitude and wavelength with time to be expected in our
duces to the linear BH thectexcept for the fact that surface experiments remain an open question because the smallest
diffusion constanK has two component&=D'+DT. In the  reproducible adjustable sputter time for 18 cm2 flux
linear regime the balance of the unstable negative sputtezsed was~440 s.
erosion term(—|v|¢*h), trying to roughen the surface and the  For a high oblique ion incident angle, such as 60° as used
positive surface diffusion terrtkKV*h) acting to smooth the in the present case, an important issue which should be con-
surface, gives rise to observable ripple with wavelength sidered for ripple evolution beyond linear regime is the effect
=27\ 2K /||, wherei refers to the directiofx, the projected of shadowing’ As the amplitude to the wavelength ratio
direction of the ion beam, oy) along which the associated (W/I) increases with time, the maximum gradient of the
lvi| (| or [w)) is largest. However, beyond the crossoversinusoidal surface profile gradually becomes too large caus-
time, i.e.,t>t.~(D/»?)In(v/\), the results of Parlet al®  ing a part of the upstream face of the sinusoidal ripple being
shows that the nonlinear terms completely determines thehadowed from incident ion flux by the preceding peak in the
surface morphology. wave. For a sinusoidal ripple approximated bly
Using the present experimental parameters, such as beaaW sin(2wx/1) Cartef® has shown that the limiting condi-
energye=60 keV, fluxf=175um cni?, ion incident angle tion for such shadowing not to occur is tarl2-6)
6=60°, and average penetration depth along the beam direc=27W/| which places an upper limit okV/I for any ion
tion a=82 nm calculated fromrim 2003 and the material incidence angle (with respect to the surface normal of the
specific constanp=1.7x10° nm* eV (Ref. 4 for Si, we initial macroscopic flat surfageHere, tana=dh/dx defines
estimate the magnitude of different coefficién®,=2.6  the local slopes and@\/| represents the maximum gradient
X 10* nntt s71, Dy=6.9x 107 nnt* 7%, »,=-18 nn¥ s, »,  or slope of the ripples. For the present experimental situation
=-6.57 nnt s, and\,<0,\,<0. Here, we have assumed ¢ being 60°, the maximum tilt angle of the slope of the
the width of the energy distributions along and perpendicularipples should thus béw/2-7/3)=30° or W/I<0.09 to
to beam direction agr=a/2 and u=a/4 which means an avoid shadowing. Estimation of the/| ratio from Fig. 2
asymmetric  distribution closer to the more realistic shows that no shadowing occurs upto about 750 s. At 810 s
situation? The calculated} in the present case is three order the W/ ratio is about 0.1 implying that the average up or
of magnitude higher than the estimatethermally activated down slope of the ripples is tam=27x0.1~0.6, corre-
surface diffusion constanf™=34 nnf sec® at 550°C for  sponding to a tilt angle=31°. This clearly indicates that the
Si(100. Thus ion induced ESD is dominant over the ther-shadowing process started around 800 s from where the
mally activated surface diffusion in the present experimentwavelength starts to increase as observed in R&). # the
We observed the ripple wavelength in the early time to beresent case, the sputtering time of 800 s, corresponding to
independent of the ion flujFig. 3b)] which is also a signa-  the dose 0f~8.5x 10'7 ions cm?, can be taken roughly as a
ture of the dominance of the ion induced ESD process ovemeasure of the characteristic time(Ref. 9 separating the
the thermal diffusion. As|n|> ||, we should havel, linear and nonlinear regime. A3~ f (Ref. 4 and v~ f
=2m\2D} /| =2m2l,, where | (=\D}/|v,|) is called the being the ion flux, we have.«1/f. To test the tuning of,
characteristic length sc@le the system. The calculateédis by varyingf, the ion flux, we monitoreFig. 3b)] the varia-
~337 nm, a factor oF~2 smaller than the observed ripple tion of wavelength as well as the amplitude of the ripple
wavelength(~700 nm), a reasonably good agreement be-formed at a flux reduced by 1/10th of the flux 18 cm™2

The height evolutiorh(x,y,t) of a sputter eroded amor-
phous material or semiconductor surfa@morphizable by
ion bombardmentis well approximated* by the noisy ver-
sion of the anisotropic KS equatién,
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owing transition mentioned above as one goes from the early e 10 E
time to intermediate time regiaifrig. 3), triggers a nonlinear £

process. Beyond 800 s, i.€> t., including intermediate and = 10°% 3
late stage, the averad®/| ratio varies in the range 0.1-0.16 s 1

which is above the critical valu@.09 of shadowing under 8 10°3 \O\O T
the present experimental condition. Thus, the transition from o 1L ™ - ) 3
ripple to faceted patterned morphology observed Erg. 2 ] \D\ p %
1) and the associated power law variation of the amplitude 2 103 Ij\D/D/ T @EbiE
and wavelength of the correlated patterned features beyond ? ] = i ]
800 s of sputteringFig. 3a)] can be thought solely due to 10° 3 60 kev Ar' ( 060° ) —Si E

T

0.002 0.01
wave vector [k| [nm™]

shadowing. However, the faster growth rate of amplitude and
wavelength at the intermediate time regift®0-6000 5

slows down to a moderate rate in the late time regime
(6000-30 3005 Other effects associated with shadowing £ 4. structure facto8(k) calculated from AFM pictures with

may influence the late stages of dynamic evolution of th&ncreasing bombardment tim&(k) above the downward arrow
surface. These effects include redeposition of sputteregark followsk law at late time regime of sputtering.

atomic flux from points of origin to other surface regions and

scattered ion flux, which can enhance the incident externgiredicted in Refs. 3, 4, and 9 is never observed in the present
flux locally.!” It has been pointed out by Cartethat if the  study and also the wavelength coarsening with time as ob-
W/I ratio exceeds the critical value of the shadowing condi-served here is absent in the CB/MCB mo#i¢iSo, a quan-
tion, the valleys of the sinusoid will not be eroded but thetitative comparison with the observed scaling exponents
peaks will be planarized resulting a flat top height profile,(«, 8) with the KPZ predicted exponents in large time scale
which is discernible from the late stage morphology showris not warranted for the present results.

in the AFM image of Fig. {c) and the height profile pre-  To gain further insight of the ripple morphology beyond
sented below it. Although the dynamics of the subsequenthe linear region and for detailed analyses of the AFM pic-
changes in the surface morphology are difficult to describeures (wavelengths, local slopes, etahe structure factor

theoretically at this and subsequent stages it is reasonable &y = fk)I2 of the height topoaraphki(r 1) was computed
expect that a transformation to a sawtoothlike wave formg )=Ih(] g Pographia(r., 1) puted,

will evolve 6 Indeed, such a faceted morpholgy with saw-Whereh(k) = J.exdikr J[h(r)-h]dr. S(k) was calculated for
tooth wave form is observed in the present work as depicte@UtS through the AFM pictures along the ion-beam direction
in the height profile of the AFM image of Fig(d). Similar and is displayed in Fig. 4. The maximum of the structure
morphological transition under oblique ion bombardment hadactor S(k) - corresponds to the observed wavelength
also been observed experimentally by other grddpg?8 (~700 nm in the linear regime similar to that observed in
For large time(t>t.) and at large length scalé>1,) for Refg. 12 and 16 for sputtering time 540%.6x 10" ions
M\, >0, as in the present case, a kinetic roughening with th€M °). For increasing fluence, the long-range corrugations
power law increase of the roughness amplitude with timevith wavelengthsl,>2my2l; grow faster than the short-
with unknown exponefitor the KPZ exponent witha ~ Wave corrugations and shift the maximums§k) to smaller
~0.38 andB~0.25 in 2+1 dimensions are predicttdhe  Wave vectors. To confirm the nonlinear surface evolution one
presence of disordered or broken ripples as seen from thghould expect KPZ scaling behavio&(k) = |k|™ with »
representative AFM image of Fig(H) or a partial loss of =2.7 as is observerd experimentally in Ref. 16. However, the
long-range order in the later time of sputtering as observed i(k) behavior at the late stage morphology in our case does
Fig. 2 may appear as a symptom of nonlinearity predicted imot conform this. Instead3(k) follows a power law depen-
Ref. 9. However, we always see the presence of a localece close t&™*, above the wave vectgindicated by verti-
minima in the GY4(r) vs r plot at different stages of the cal downward arrow in Fig. ¥icorresponding to the wave-
morphology development from the early to the late stagdength of the faceted or sawtooth ripple pattern observed at
which implies that periodic surface pattern exists at all timeslate time regimgatfter a sputtering time of 18 900.9As no
The first order nonlinear processes discussed by Cuetno peak occurs in th&k) curve at late time regime, the usual
al.® or Parket al? are vaild for slowly undulating surface concept of wavelength designated for a sinusoidal surface
(without ion flux shadowingwhere the periodic ripple to profile is not relevant here and the downward arrow mark
nonperiodic roughening transition occurs in the late timeshown in Fig. 4 represents the location of in plane length
morpholgy. However, in several surface areas where shadovgcale of patterned morpholgy observed beyond the linear re-
ing occurs as in the present case, neither the linear BH nagime.
the first-order nonlinear KS equatiofisg. (1)] advocated by Quite recently, the atomistic Monte CarMC) simula-
Cuernoet al2 are valid. In such situation it is expectédhat  tion in (2+1) dimensions by Hartmanet all* has shown
higher-order nonlinear processes will be dominant beyondhat while the use of activated surface diffusi@8D)?° pro-
t>t; and as a result transition to a true kinetic roughening asluces the transition from early time periodic ripple pattern to
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late-stage rough morphology with KPZ scaling, the use of AFM) under ambient condition as a function of bombard-
Wolf-Villain (WV)3° type irreversible relaxation gives ripple ment time(fluence. A detailed analysis of the morphology
morphology in early as well as late time similar to the of the ion eroded surface using an ion flux of 1ZB cm™
present result. So, it is possible that different surface relaxshows the formation of regular ripple pattern in early time
ation acting in different stages of morphology may be thefrom 400 to 800 s(corresponding dose range &@0
important factor for the crossover of tivalue from inter-  —8.0x 10'7 ions cn7?). For intermediate time bombardment
mediate time to late time morphology in the present caseup to 6000 56X 10" ions cn?) ripples are to some extent
The ion induced ESD coefficiem®' being a function of ion distorted and a partial loss of long range order in the periodic
flux and ion incidence angle should change with time as botlpattern is observed. Finally, for bombardment in late time
the flux and and ion incidence angle change locally as theegime, i.e., in 6000—30 300(sip to 3.0x 10'° ions cnT?),
shadowing process dominates with time. However, the timenorphology appears as a faceted wave pattern with a saw-
dependence db' and how it affects the exponengsare not  toothlike surface profile. Beyond early time, the morphologi-
known. One of the most possible causes of the drastic changml transition has been attributed mainly to the shadowing
of surface relaxation may occur via enhancement of the sureffect. The variation of the roughness amplitude and wave-
face adatom mobility by ion bombardme®itCoarsening of length of the periodic wave pattern with bombardment time
ripple wavelength having exponent=0.64 in the interme- follows a power law scaling and both the variations show a
diate time here is substantially higher than observed expercrossover at the late stage where scaling exponents are much
mentally for 40 keV Xé& bombarded Si surfa¢éand for low  smaller than that in the intermediate time. Beyond the early
keV Ar* bombarded fused sili€a or crystalline metal time (i.e., after about 800 s of sputtering with an ion flux of
surfaces® Ripple coarsening on crystalline metal surface,175uA cm™2), the morphological evolution under the influ-
such as on CyRef. 33 was attributed to anisotropic surface ence of shadowing processes cannot be explained with the
diffusion induced by a Ehrlich-Schwoel@&s5) barrier. How-  existing models. The present experimental results, thus, de-
ever, in the present experimental condition an amorphoumand for further investigation of the nonlinear motfefor

layer of more than 100 nm thickness extending from surfacdigh oblique ion incidence where a shadowing effect is
to the subsurface are produéédnd ES barrier should not dominant to describe the surface morphology with respect to
play a significant role for ripple wavelength coarsening onthe pattern formation of an ion eroded surface.

such amorphous material. Currently, we have no clear idea
about the origin of the observed exponents for ripple coars-
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