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Kinetics of ion-induced ripple formation on Cu(001) surfaces
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We have used low energy ion beams to spontaneously create pasieutier rippleson Cu001) surfaces.
The evolution of the ripple amplitude and wavelength was measursdu by using light scattering. At the
temperature$415—455 K and ion fluxes(104-10'"% ions cm?s™) studied, the ripple formation process is
found to be similar to that described by the Bradley-Harper instability theory, i.e., the wavelength does not
change appreciably with time, the orientation is determined by the ion beam direction and the amplitude
increases exponentially during the early stages of growth. The flux dependence of the growth rate and wave-
length is measured to determine the kinetics of defect production and annihilation on the surface.
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I. INTRODUCTION tron microscopy after long sputtering times. The primary fea-

Spontaneous pattern formation on surfaces due to IOWt_ures of these patterns were that they were produced sponta-
pont P . neously and their direction was determined by the incident
energy ion bombardment is a well-known phenomehbn.

: . . i . ion beam direction. In addition, as the angle of incidence was
Ripples, mounds or pits with length scales ranging from mi-

decreased from near normal to near grazing incidence, the
crons to tens of nanometers have been observed to form In

: . ; orientation of the pattern was observed to rotate by 90° with
many different systems including amorphous matefials

semiconductoré;” graphite? and metal$-4 A variety of ;i??:c(g to the projected direction of the ion beam on the
pattern-forming behavior has been observed depending on The BH model combines surface roughening due to ion-

the subs_,trate, the ion beam, the angle of incidence, and Oth‘?{duced atom removal with a surface smoothing mechanism
processing parameters. Inéésome_: cases, the wavelength dtie to diffusion. The surface roughening rate was based on a
ength increases with sputiering & The patierns algn  SPUErNg model proposed by Sigmfen which the spu-
witr? the ion beam difection %nder. some pconditiér%l% ter yield depends on the local surface morphology so that the
. o ) ; o rate of surface erosion is curvature dependent. Surface
while under others it is determined by the orientation of thesmoothin was explained usina an aoproach developed b
surfacet012 g P g pp ped by

In this work. we report on the use of low enerav ion Herring and Mullind® in which surface curvature induces
beams 1o crea,te S uttF(Jar riooles on(@) surfaces g‘?'/he gradients in the chemical potential to drive surface diffusion.
ripple formation kinztics we?g measmgred)usiilngsitu I.ight Cuerno and BarabagCB) extended the BH theory by add-
scattering® so that we could simultaneously determine the 9 higher order nonlinear terdfswhich prevent the ripple

. i . ) from growing indefinitely. The resulting equation for the
ripple wavelength and amphtude during ' sputtering. .Weevolution of the surface height is given by

present measurements of the time evolution of the ripple
wavelength and amplitude and the dependence of the ripple

on the ion beam direction and the surface crystallographic

2| 2 2
orientation. Measurements of the dependence of the waven = -+ 9o h + Vx@ o ah + B(ﬂ_h) + M(@)
length and growth rate on ion flux are also presented. at a0 ox  “ox> Yoy 2\ ox 2 \oy
Our measurements indicate that the ripple wavelength is —BV2V2h (1)

essentially constant during growth, the amplitude grows ex-
ponentially in the early stages and the orientation is deter-
mined by the ion beam direction. These results are consistenth is th : tein t f the incident
with an instability formation mechanism proposed originallyW Eréw IS the erosion rate In terms ol the inciden angle
by Bradley and Harpé? (BH) and previously observed on anduy, Vy’.)‘.x’ andh, are coe_.\fﬂuen'gs cqlculated In Rh?; B
other surfaced:® This is the first time that the ripple growth the (l:oeIfolmer/]t thit ?}escgbgs r?'ﬁus']?nal d;frfnogt_ 95
on a metal surface has been shown quantitatively to have tt} gual toDsyC/n“ke T whereDs is the surface diffusivityy is

features of a BH instability. We analyze the ion flux depen—S eecsigga;ﬁ dlfriiethzngrrge% é(snntgeentcrgtrilgﬁn;;a;tg?nicc)fsri?eosb"e
dence of the wavelength and growth rate in terms of this P ’ . ; ) L
In the early stages of ripple formation, the different spatial

theory to determine the kinetic mechanism for defect producae endence of the rouahening and SmMoothing brocesses re-
tion and annihilation. p 9 9 gp

sults in an instability, i.e., the selection of a preferred spatial
periodicity that grows faster than all others. The wave vector
of the fastest growing Fourier componéeitdepends on the

The BH model was originally proposed to explain theratio of the sputter roughening rates and the diffusional re-
observation of periodic patterns measured by scanning eletaxation rate,

Il. MODELS OF SPUTTER RIPPLE FORMATION
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Vmax | 2 The sputter source was a Kaufmann-style ion gun. Sputtering
k* = B (2 was done in an Ar atmosphere with a nominal pressure of
1.5x 10“ torr. Unless otherwise noted, rippling was done
where vy, is the larger of the two valuesirz and -, The  with an ion beam energy equal to 800 eV, the angle of inci-
amplitude grows exponentially at this wave vector asdenced of the beam was set at an angle 70° from the normal
exp(R*t) where R* = (v,,,,)%/4B. Since the parametd® is  of the sample surface and the direction of the beam projected
related to the surface diffusivity and mobile defect concen-onto the surface was along th0Q] direction. Experiments
tration, the surface kinetics are directly linked to the wave-were performed at temperatures in the range from
length of the resulting pattern. At longer sputtering times,415 K to 455 K with ion fluxes in the range from
nonlinear terms become significant so that the amplitudd.1 to 3.4< 10**ions cnm?s™.
may saturate and the wavelength may not remain fixed. The evolution of the power spectral densiBSD) of the
Effects of surface crystallinity are not included in the BH sample surface was measured in real time by a spectroscopic
theory so that the orientation of the ion beam relative to thdight scattering technique referred to as LiSSpin this
surface lattice parameters does not enter into the theory. Thaethod, the scattered intensity is measured by a spectrometer
wave vector of the ripple pattern created by the instability isas a function of wavelength at a fixed scattering angle which
either aligned parallel to the ion direction or perpendicular toenables the entire PSD to be obtained without rotating the
it depending on the parametergand v,. These parameters sample or the detector. Periodicity in real space from
are completely determined by the incident ion beam througt300 to 2000 nm can be studied using our present setup by
the ion—solid interaction and the angle of incidence. How-simultaneously collecting spectra at several different scatter-
ever, in some system@rimarily metal§ the surface pattern ing angles with respect to the sample surface.
is found to be aligned along surface crystallographic direc- The PSD is proportional to the scattered power at each
tions independent of the ion beam directf§nRusponiet  scattering vector with a constant of proportionality deter-
al.>19 proposed a diffusion-based roughening mechanisnmined by Elson in Ref. 22. Although this constant of propor-
originating from the presence of Schwoebel barriers, adaptetionality can be calculated, in practice it is simpler to nor-
from a model proposed by Villa#f for the morphology of malize the scattered intensity by the intensity measured on
crystal growth. In Villain’s model, supersaturated adatomshe smooth starting surface. Since the scattered intensity is
(either from growth beam or sputteringn a high symmetry proportional to the surface PSD, the resulting intensity ratio
surface prefer to stick to the edge of the upper terraces rathé equal to the ratio between the PSD of the sputtered surface
than the lower ones because of the Schwoebel barrier. Thend the starting smooth surface. In this way, detailed knowl-
results in a net uphill adatom current that induces surfacedge of the optical constants and other parameters required
roughening. The strength of this mechanism depends on botl calculate the proportionality between the intensity and the
the fraction of adatoms that attach to the step edge and thHeSD is not required to analyze the data.
degree of biasing in attachment. This mechanism has been The light source was a 150 W Xe arc lamp. Spectra were
proposed to explain the evolution of patterns on sputteredypically acquired every 30 minutes. Sputtering was paused
Cu(110) surface&%in which the pattern is aligned with the for several minutes during measurement of the spectra in
surface symmetry. order to minimize coating of the optical viewports by mate-
Since at high temperature the steps are less effective sink&l sputtered from the sample. Measurements show that the
for adatom and the degree of biasing is less, the rougheningpple amplitude deceases by less than 4% during a 30
mechanism due to diffusion effects is expected to decrease atinute pause, so the decrease in ripple amplitude during the
higher temperature. Moreover, the roughening from theew minutes required for measurement has a negligible effect
curvature-dependent sputter yield in the BH model increasesn the surface morphology.
with the ion flux. In this work, higher fluxes and tempera-

tures were used relative to previous studies of single crystal IV. RESULTS AND DISCUSSIONS
Cu surface%!%in order to promote the instability mecha- _ _ _
nism relative to diffusional mechanisms. A. Time evolution of the ripples
Figure 1a) shows the evolution of the normalized PSD
IIl. EXPERIMENTAL DETAILS during sputtering at 418 K with an ion flux of

2.1x 10" ions cm?s™L. The peak in the data, at a value of
Experiments were performed on @01) surfaces with wave vectork=0.016 nm?, corresponds to a surface modu-
miscut less than 1° inside an ultrahigh vacuum chamber witthation with a real space wavelength of approximately
base pressure ofX410°° torr. Samples were polished by an 393 nm. The error in wavelength is determined from the
electrochemical methdd before each run. AFM studies standard deviation of the peak value over 20 experimental
show that the rms roughness after polishing was typicallyuns under one set of sputtering conditions; the same per-
less than 10 A over a 1@m % 10 um region. After transfer centage error is used for the values measured at different flux
into the vacuum system, the sample was cleaned at roomnd temperature. AFM images of the same sample after sput-
temperature by Ar sputtering at normal incidence. In this tering are shown in Fig.(b). These measurements indicate a
procedure, approximately 1000 monolayers of copper wereipple wavelength of 400 nm+20 nm with the same orienta-
removed. The sample was then annealed at 700 K to elimition relative to the ion beam, in good agreement with the
nate any fine scale roughness resulting from the step abovkght scattering measurements. The wavelength of the ripples
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FIG. 1. (a) Time evolution of power spectral densi(SD) of
the sample surface during sputtering. The sputtering temperature is FIG. 2. (a) Ripple wavelength vs sputtering time of the data
418 K and ion flux is 2.X 10 ions cnm?s L. The ion beam is shown in Fig. 1. The dotted line shows a power law fit with an
oriented 70° away from normal with a direction parallel to fheQ] exponent of 0.06(b) Ripple amplitude vs sputtering time. The
axes.(b) AFM images of the sputtered rippléthe arrow indicates samples temperature is 418 K, with ion flux equal to>210*
the direction of the ion beam(c) Schematic diagram showing the (squarg and 3.0< 10 ions cn?s™* (triangle). The dotted lines in
sputtering geometry. the figure correspond to exponential growth.

as a function of time is shown in Fig(&. The wavelength is 1. Azimuthal orientation
essentially constant with ion fluence, changing by less than

10% over a factor of 4 in the increase in sputtering time. AFM measurements of sputter ripples produced at differ-
When fit to a power law, the exponent is equal to®€ntazimuthal orientations are shown in Fig. 3. In each im-

0.06+0.005. age, the sample has been rotated in 15° increments around

From a series of spectra acquired during sputtering, thée surface normal so that the ion beam is parallel to the
time dependence of the amplitude of the ripples is obtaine¢L0J direction in Fig. 3a) and parallel to th¢110] direction
as shown in Fig. @). Two sets of data are shown, taken at " Fig. 3(d). The arrows in the figure indicate the orientation
fluxes of 2.1X 10 and 3.0x 104 ionscni2s ™t and at a ©Of the samplg100 axes and the direction of the ion beam
temperature of 418 K. In both cases, the amplitude of ripple®rojected onto the surface. The small images below each
grows exponentially in the early stages but saturates afFM image represent the two-dimensioiaD) autocorrela-
longer times. This behavior is similar to measurements ofion function of the data; a cross section of the autocorrela-
Si(001) surface® and consistent with the nonlinear BH tion function along the direction of the ripple wave vector is
theory proposed by Cuerno and BaraBddihe dashed lines presented at the bottom. The angle of incidence is the same
represent the results of least square fits to the data to detéi@=70°) for all of the measurements. The beam energy was
mine the rate of exponential growth in the early stages. Th600 €V, sample temperature was 418 K and the flux was
maximum growth rate of the ripples for the flux of 2.1X10ionscm?s™.

2.1 104 ions cn? s Lis on the order of 0.0022 nnts For I Figs. 3a) and 3d) the ion beam is parallel to major
comparison, the average rate of erosion of the surface igrystallographic directions and the wave vector of the pattern
measured to be 0.068 nrﬁldjy usingex Situprof"ometry_ is very well aligned normal to the direction of the ion beam

projected onto the surface. In the case of 15° misalignment
relative to the[100] axis [Fig. 3b)], there is a tendency for
B. Orientation of the ripples some of the pattern to remain aligned along {heqQ] crys-
tallographic axes as well as with the ion beam direction. For
In this section, we present and discuss measurements 80° misalignmentFig. 3c)], the pattern is mostly aligned
sputter ripple orientation as a function of the direction of thealong the ion beam direction, although branches of ripples
ion beam projected onto the surfa@imuthal orientation along[100] direction are also found. In addition, for Figs.
¢) and angle of incidencé relative to the surface normal. 3(b) and 3c) the higher order peaks in the autocorrelation
The meaning of these angles with respect to the orientatiofunction are blurred, indicating a decrease in the alignment
of the sample is shown in Fig(d). of the ripples.
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FIG. 3. AFM images of the sputtered surfaces at different ion beam directions. The sputtering conditions are the same as Fig. 1 and the
total ion fluence is 2.8 10'8 ions cm?. The wide arrows below each figure indicate the direction of the ion beanjl1@ direction is
indicated by the labeled arrows. The angle between the ion beam ar{dGfledirection for (a), (b), (c), (d) are 0°, 15°, 30°, 45°,
respectively. The small figure below each image shows the 2D autocorrelation function. The graph at the bottom is a cross section of the
autocorrelation function along the direction parallel to the ripples wave vector.

These images indicate that the alignment of the sputter The dependence of the pattern orientation on the inci-
ripple pattern is determined primarily by the direction of thedence angle is shown in the AFM images in Fig. 4. In Fig.
ion beam, behavior that is consistent with the BH model4(a), the incidence angle i=70° with a beam energy of
Since the BH theory does not include any effects of surfacd200 eV. The temperature is 418 K, the ion flux is
crystallography, the pattern is not predicted to depend on th2.1x 10'*ions cmi?s* and the total fluence s
azimuthal orientation of the surface. However, there is somé.13x 10'8ions cmi2. The Fourier transform is shown
evidence in the off-axis results that the underlying crystalalongside the image. Two peaks are seen in reciprocal space
orientation does affect the pattern formation. The small tenshowing that the wave vector of the pattern is oriented per-
dency of the ripples in Figs.(B) and 3c) to align preferen- pendicular to the incident ion direction.
tially in the [100] and[110] direction may be related to the The sputtering conditions necessary to obtain the pattern
effect of diffusional mechanisms such as the Schwoebel barotation according to the BH theory were obtained by using
rier on the pattern formation. Alternatively, these results mayTRIM? to estimate the ion beam parameters and evaluating
indicate the importance of step edge energies on the ripple, and, in Eq.(1). For ion energy of 1200 e\, andy, are
formation, a topic which is being considered further and will predicted to be equal #=27.3. To obtain the pattern shown

not be addressed here. in Fig. 4(b), the incidence angle is therefore decreased to
=24°. The same temperature and ion flux is used as in Fig.
2. Angle of incidence 4(a) and the total fluence is 3.2810' ions cm2 The pat-

The prediction of a 90° rotation of the pattern as the in-1€' in Fig. 4b) has a clear component that is rotated 90°
cident angle of the ion beam changes is a major feature of thlative to the pattern in Fig.(4). However, a modulation
BH theory. At large angles of incidencee., closer to graz- along the other direction is supe_nmposed on the structure,
ing incidence, the parameters, and », in Eq. (1) have the suggesting that both modes of ripple formqtlon havg been
form »,>0 andu,< 0 wherex is the direction of ion beam. Preduced. In the Fourier transform, an elliptical peak is ob-
Since ripples only grow for negative values gfand »,, a s_erved also implying that roughenlng occurs in both d|r_ec-
ripple pattern with wave vector in thg-direction (perpen- tions. The pegks of the I_:our_ler transform in the dlrectlo_n
dicular to the projected direction of the ion bepsarface is  Parallel to the ion beam direction are further away from ori-
formed. As the angle of incidence decreases toward norm&in; showing thai, <\, which is also consistent with the
incidence,, decreases much faster thap At sufficiently calculations that indicate, < », <0 in this regime.
low angles,v, and », are both negative and the absolute
value ofy, is greater thany,. In this case, roughening occurs
along the ion beam directiogx direction faster than in the
direction orthogonal to it. As a result, ripples form with their ~ Following the approach used in Ref. 4, the flux depen-
wave vector parallel to the direction of ion beam and thedence of the ripple wavelength and exponential growth rate
pattern rotates 90°. R" can be used to explore the kinetics of defect production

C. Flux dependence of the ripples
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and tranSport on the surfgcg. As shown in Fi@),5t.he mea- FIG. 5. The flux dependence ¢&) ripple wavelength andb)
sured ripple wavelength is independent of flux in the ranggyponential growth rate of ripples in the early regime. Two sets of

of 1.1 to 3.4X 101_4 ions cm?s at temperatures of 418 K gata taken at 418 Ksquarg and 455 K(triangle) are shown. The
and 455 K. The significance of this measurement can be unipple wavelength is constant with respect to flux within the limit of

derstood by examining the flux dependence of the waveexperimental error. The growth rate varies linearly with flux above
length in EQ.(2). Since vy, is proportional to fluxf, the  a threshold.
peak wavelength is proportional to

. 2,77._ 2B 1/2 M)uz
2 (B (mamopt

C= (Ysz)llz for Ty << Tq. (Sb)
Vmax The measured result th& depends linearly on the flux is
consistent with the condition that < 7, i.e., that the surface
where the explicit dependence of each parameter@ndT  defect concentration is controlled by annihilation at steps and
is written. The observation that the wavelength is indepenpther sinks. This analysis assumes that the concentration of
dent off suggests that the ratidC/f is constant with flux.  mobile defects is induced by the ion beam. The flux depen-
Therefore, the concentration of the diffusing spedss  dence may change at higher temperature where thermal cre-
proportional to the ion flux assuming thxt is independent  atjon of mobile defects becomes significant.
of flux (i.e., no ion assisted hopping We can use this dependence of the defect concentration on
We can use this result to determine the mechanism corftyx within the BH model to calculate the flux dependence of
trolling the surface defect concentration using simple ratghe ripple growth rateR’, in the exponential growth regime.
equations'? The time dependence &f can be expressed as Since R = (1,,)2/4B, this predicts that the growth rate

5 should be proportional to the flux at fixed temperature. The
9C _ Ve Cc 28 (4)  dependence of the measured growth rate on the flux is shown
7 7' in Fig. 5b). The growth rate is observed to increase linearly
with flux. However, there appears to be a nonzero intercept,
whereY is the net yield of mobile defects created in a singlei.e., ripples are only produced when the flux is above a
ion impact,r; is a characteristic time for defects to diffuse to threshold value. The appearance of a threshold flux for ripple
a sink such as a surface step, ands a characteristic time production is possibly related to the extra energy barrier in
for two defects to impinge and form a cluster. In steady stategreating new steps during roughening, a feature which is not
there are different dependences@bn f depending on the included in the BH theory. However, the observation is con-

relative magnitude ofy and ,: sistent with previous studies that at low flux and high tem-
perature regime, the surface remains smooth under the action
C=Yfr for r, < 7, (5a8)  of an ion beant?
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V. CONCLUSION not included in the BH theory. The observation that the

In summary, we have studied sputter ripple formation Onwavele_ngth is ind_ependent of the flux suggests that t_he con-
metal surfaces at relatively high temperature and fluxes sgéntration of mobile species on the surface is proportional to
that the effects of diffusional barriers were reduced relativén® flux. This is consistent with the creation of mobile de-
to previous studies of Cu surfaces. The measured patteFﬁCtS by the ion beam and their annihilation at step edges and
formation behavior is consistent with the BH instability Other sinks.
mechanism. Under these conditions, the ripple wavelength is
observed to r_emain nearly constant with increasing fluence ACKNOWLEDGMENTS
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