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Ripple propagation and velocity dispersion on ion-beam-eroded silicon surfaces
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The propagation of surface ripples during Ga ion beam erosion of Si was measured in real time by com-
bining focused ion beam technology with scanning electron microscopy. By detecting the secondary electrons
emitted during implantation the surface was monitoredin situ during the erosion. The ripple wavelength
increases with the erosion time asl}t0.50(4). The value of the ripple velocity was observed to agree qualita-
tively with the results of Monte-Carlo simulations of the erosion process, and was found to decrease with the
ripple dimension likev}lx

21.5(1) .
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I. INTRODUCTION AND THEORETICAL ASPECTS

The surface morphology and its evolution during exter
treatments, e.g., ion beam erosion, is one of the domina
topics in surface physics. Ion beam erosion of solid surfa
arises as a consequence of the material removal during
bombardment via sputtering of particles.1 If the ion energy is
sufficiently low, this sputtering phenomenon is the domin
ing mechanism governing the evolution of the surface m
phology during ion beam treatment.2 The sputtering yield
depends on the local surface curvature in such a way, tha
incident angles not to be near to grazing this depende
leads to a surface instability~sometimes called a negativ
surface tension! where the erosion velocity in depressions
greater than on mounds of the surface. On the contrary, c
petitive effects~with surface diffusion as the most promine
described by the surface mobilityB) tend to smooth the sur
face topography, since they attempt to lower the surf
roughness.3 The interplay between these two effects is
sponsible for the creation of cones and dots on surface
normal ion incidence,4 and especially for ripplelike and
wavelike surface morphologies, when the direction of the
beam is tilted to the surface normal.5–8 In this context the
projection of the ion beam onto the surface is named thx
direction; they direction is the perpendicular orientatio
Several theoretical descriptions of surface erosion using
beams have been developed, among them the most pr
nent ones by Bradley and Harper9 and Cuerno and
Barabasi10,11 by means of stochastical differential equation
In all these descriptions the characteristic length on the
face, namely the ripple wavelengthlx,y @which means that
waves occur inx(lx) andy directions~namedly), depend-
ing on the angle of incidence of the ion beam# for oblique
incidence, depends on both roughening and smoothing
fects like lx,y}AB/uCx,yu, whereuCx,yu is the largest abso
lute value of the surface tension coefficients andB the
smoothing coefficient ~in most theories the surfac
mobility12!. Following the theoretical concepts of Bradle
Harper, Cuerno, and Barabasi,2,9,10 the surface height evolu
tion h(r ,t) can be described as
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F0 defines the surface erosion rate of a flat surface at nor
incidence (F05FY0 /n), which is directly related to the
sputtering yieldY0 of a flat surface.C]h/]x is a term related
to the derivative of the sputtering yield with respect to t
angle of incidence,Cx,y]

2h/]x,y2 describes the linear cur
vature dependence of the surface erosion, withCx,y
5(FaY0 /n)Gx,y , Lx,y(]h/]x,y)2 being the nonlinear
contribution; B¹4h is the surface diffusion accordin
to Wolf-Villain and Mullins.3 h defines the noise term
corresponding to the implantation process. Several asp
of this theory have been examined experimentally
various surfaces using scanning probe microscopy~scanning
tunneling microscopy, AFM! ~Refs. 13–16, 20, 32! and light
spectroscopy.17–19 Although many topics like the micro
scopic nature of surface smoothing are still under discuss
the physical background of ion beam erosion is well und
stood compared to similar erosion phenomena in nature.

However, among other features still unknown in this co
text, one severe aspect of the theory has been failed to
serve up to now: As a consequence of the broken symm
when tilting the ion beam to the surface normal, the ripp
fronts should propagate in the direction of the ion be
projection,9,11 a phenomenon which is clearly known in th
nature of wind blowing over granular surfaces. To see if t
propagation can also be observed on surfaces patterne
erosion on a nanometer scale would be a fascinating top
surface studies. In fact, this propagation has been predi
by Monte-Carlo simulations of the erosion process in form
publications.12,21 One obtains surface ripples with wave
lengthlx moving into the direction of the ion beam with
propagation velocityv like

h~ t !52F0t1A~ t !expF i S 2p

lx
x2vt D G , ~2!
©2002 The American Physical Society27-1
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F0 andA(t) are physical constants related to the ion flux a
the initial surface morphology.9 The erosion theory exhibits
linear velocity dispersion for the ripples, which means th
the propagation velocityv of the ripples should be indepen
dent of the ripple wavelengthlx . This propagation at con
stant velocity, if it could be observed, should be a clear
dicator that the evolution of the surface morphology
governed by linear terms of surface erosion; deviatio
would indicate the importance of nonlinear contributions
the theory.2 In order to observe this propagation, one has
monitor the evolution of the surface morphology resolved
time over a sufficiently long period without any drift or lo
cation problems for sample and scanner: requirements w
cannot be achieved by probe microscopy or spectrosc
techniques.

II. EXPERIMENTAL DETAILS

For this reason, in the following experiments the evo
tion of ~100!-silicon surfaces was monitoredin real timeus-
ing the secondary electron emission from the surface indu
by either a focused electron beam~namely scanning electro
microscopy SEM! or a focused ion beam~named focused ion
beam microscopy, FIBM!.22 In the latter case, as the innova
tive topic, the same ion beam, a 30 keV Ga1 beam with a
minimum spot diameter of about 30 nm, was used simu
neously for surface erosion and surface microscopy.
technique to use the secondary electron emission from
cused ion beams for surface micropscopy is described e
where in detail.23,24 A square of 10310 mm2 was exposed
to the ion beam under a tilt angle of 30° relative to t
surface normal. In order to provide the evolution of corre
tions of the surface topography orders of magnitude ab
the size of the beam spot, the whole exposed area
scanned by the ion beam with a 25–100 Hz-repetition r
~which means that each point of the implanted area is me
to a hundred times in a second with a dwell time on ea
point of several microseconds!. Therefore, within a time
scale of seconds, which is important for erosion experime
the ion beam current can be estimated to be constant in
and homogeneous over the exposed area accounting
coherent implantation of the whole square within even sm
sections of the erosion time. The typical ion current dens
was 7.531014 cm22s21 ~the current density has been varie
between 1014 and 1015 cm22s21) over the whole exposed
area, which corresponds to a spot current of ca. 15 A/c2

for the focus of the beam. The influence of such an
irradiation on the surface temperature can be estimated u
the calculation of Melngailis.25 If a thermal conductivity of
1.5 W/cmK is assumed for Si, the temperature increase of
distinct irradiated surface area is about 2 K for the beam
exposing a single spot and far below 1 K for the beam
scanned over the region mentioned above. If the aver
over the whole exposed area is taken, the influence of the
irradiation on the surface temperature is negligible. In c
trast, the secondary electrons are detected for every dis
11532
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scanning point of the ion beam and this effect can be ad
to a picture of the whole surface area.

III. RESULTS AND DISCUSSION

Figure 1 shows a typical SEM picture of the expos
region on the surface. The implantation fluence was
31018 ions/cm2. The implanted and eroded square area
10310 mm2 is clearly visible, surrounded by an implanta
tion halo caused by the spot tails of the focused ion be
and eroded material from the exposed area.26 Also the ripple
morphology caused by the oblique incidence is visib
showing the interplay between surface roughening and
face smoothing. This ripple morphology is visible within th
implanted square area as well as in the halo area cause
the spot tails of the focused ion beam. Whereas the rip
spacing within the square is homogenous over the expo
area, in the spot tails a continuous decrease of the rip
spacing can be observed~please see Fig. 2 for a compariso
of the spacing inside and outside of the exposed area!. This
can be explained by the ion beam fluence, which decrea
continuously with raising the distance from the border of t
exposed area.26,27 This behavior is in agreement with theo
retical models of ion beam erosion and goes in parallel w
former experiments regarding the fluence behavior of i
beam-eroded surfaces~in the following this topic will be
examined in further detail!. Although it is not clear which
smoothing mechanism is the dominant effect in the
experiments—different scenarios like radiation enhanced
fusion and heating are possible among others28,12—the oc-
currence of the ripple morphology shows clearly that surfa
erosion as described above is present in this case. T
SEM pictures can also be taken for comparison with
FIBM micrographs, shown in the following, especially
verify that thermal drift of the sample relative to the io
beam can be excluded for the interpretation. At this poin
should be worth stating that without rapidly scanning t
focused ion beam over the surface no long-range order
relation on the surface can be established and no ripple m

FIG. 1. Scanning electron microscopy pictures of the silic
surface after erosion with a 30 keV Ga1 focused ion beam with a
spot size of 30 nm. The angle of incidence was 30° relative to
surface normal; the total implantation fluence was
31018 ions/cm2. The dimensions of the implanted square are
310 mm2. The ripple morphology is clearly visible. Also the im
plantation halo induced by tails of the beam spot and eroded m
rial can be seen.
7-2
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FIG. 2. Scanning electron pic
ture ~right! of the spot tail behind
the exposed square. The decrea
of the ripple wavelength can be
clearly seen.~Left! Ripple wave-
length as a function of the dis
tance from the exposed area.
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phology can be generated. In this case, if every point of
implanted area would be exposed with the whole ion dos
one time and the ion beam would scan one point after
other in this manner, the scenario would completely dif
from a homogeneous and coherent implantation which
necessary for the formation of long-range order in surf
morphology. Especially the sputtering yield as well as the
flux at a certain surface point would be a function of tim
Therefore, continuum equations as mentioned above wo
hardly be applicable to describe such a scenario of sur
erosion. If the focused ion beam is rapidly scanned over
exposed region, the irradiation is comparable to a nor
homogeneous implantation of the whole region. In this ca
a continuous irradiation of the area with a nonfocused
beam can be seen as the ergodic limit of the short-time
riodic exposure of each point of the implantation area. T
limit has been reached, if the scanning velocity of the
cused ion beam exceeds the diffusion velocity of adatoms
the exposed surface by orders of magnitude. This condi
is valid in this case, therefore, all theories of ion beam e
sion and its surface morpholgy evolution can be applied
the experimental scenario used in this work. Within t
variation of the beam current density mentioned above,
change of the physical scenario has been observed. In F
a typical FIBM micrograph is shown, where also the ripp
morphology is visible. The sections observed with FIBM a
sufficiently smaller than the exposed area to avoid bound
effects to superimpose the results. In this case the ion flue
was 131018 ions/cm2 ~which corresponds to an expositio
time of 1400 s!. The calculated autocorrelation function an
its Fourier transformS(k) prove the periodic character of th
surface topography and can be used for a precise determ
tion of size and orientation of the wave vectork5kx and
therefore of the ripple spacinglx . The line shape of a cu
through the Fourier transform along the spots~shown in the
graph of Fig. 3! fits to the assumptions of the erosion theo
by Bradley and Harper~see Refs. 9 and 29!. Figure 4 shows
pictures of the eroded surface taken by FIBM with risi
erosion time. Two distinct effects can be observed. On
one hand, the major ripple wavelength increases with ris
erosion time from 60 to 800 nm. This effect has been p
posed theoretically30,31 and previously observed
experimentally.32 The correlation length of the surface mo
11532
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phology~which in fact is the ripple wavelength in this cas!
is increased with the erosion time. The FIBM observati
technique allows for the first time, to the best of our know
edge, to monitor this evolution over several orders of m
nitude in real time. The scaling law of this developme
which is an indicator for the strength of nonlinear contrib
tions, is shown in Fig. 5~a!. Assuming a power lawlx}tb,
one obtainsb50.50(4), which is in qualitative agreemen
with theoretical results of nonlinear growth during surfa
erosion.30,31,33 The other effect is the propagation of th
ripple fronts in the direction of the ion beam projection on
the surface, which is clearly visible in the serial pictures
Fig. 4. The ripples shown in the pictures move into the

FIG. 3. Focused ion beam micrograph of the exposed regio
an erosion time oft51400 s, which corresponds to an ion fluen
of 131018 ions/cm2. The autocorrelation and its Fourier transfor
are added to prove the periodic surface structure. The graph sh
a cut through the spots of the Fourier transform. The line shape
to the assumptions of the theory of Bradley and Harper.
7-3
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rection of the ion beam, the velocity can be determined to
v50.33(4) nm/s for the small wavelengths and the exp
mental conditions chosen in this case. This propagatio
proposed by the linear evolution theory and expresses
qualitative agreement with the descriptions by Bradley a
Harper and Cuerno and Barabasi. In fact, this propaga
and its mode velocityv is of the same size as proposed
the Monte-Carlo results of ion-beam-eroded carbon surfa
by Koponenet al.,12 which points also to a good agreeme
between computer simulations and experiments. Howeve
the ripple wavelength increases with rising erosion time, o
observes a nonlinear velocity dispersion of the propagat
which means a continuous decrease of the ripple velo
@see Fig. 5~b!#. For the largest wavelengthslx>400 nm, no
further propagation is visible within the observed time sca
In fact, as also smaller ripples occur sporadically between
major wavelengths, they start to catch up with the ma
fronts and vanish into the flanks. A scaling law approxima
to the data exhibits an observed velocity dispersion ov
}lx

21.5(1) above a certain ripple wavelength, which mean
certain erosion time in this case. Up to this wavelength a
erosion time the velocity is nearly constant; only above t
value a decrease is visible. This decrease cannot be expla
by theory up to now. In fact, it might be an indication for
continuous transition to a rising nonlinear contribution
surface erosion. Since these dominant nonlinear terms
pend on the square of the local surface slopes, these su
mentations are known to scale down the breaking of sym

FIG. 4. Focused ion beam micrographs of the exposed sili
surface while exposed to a 30 keV Ga1 ion beam. The projection o
the ion beam onto the surface is given in the pictures. Following
pictures with rising erosion time~left and middle column! the ripple
propagation from the right to the left is visible~the dashed lines are
drawn to guide the eyes!. With successively rising erosion time als
the rising of the ripple wavelengths can be seen~right column!. See
the EPAPS movies~Ref. 34! 1 and 2.
11532
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try in the beam direction. Therefore, between the linear a
the nonlinear regime there has to be a continuous cross
which is expressed by the observed velocity evolution. T
oretical approaches indicate that a decrease of the ripple
locity with rising wavelength should take place11 and there-
fore identify the observed effect of the velocity dispersion
be of a nonlinear origin.

Another interesting behavior can be observed if an
ready produced ripple morphology is subsequently irradia
with the 30° tilted ion beam which is rotated by 90°
azimuthal orientation. At the beginning of this irradiation th
ripple orientation goes in parallel with the ion beam proje
tion onto the surface. With rising erosion time one can o
serve first the vanishing of the ripple orientation and aft
wards the development of the new ripple morphology w
the new orientation perpendicular to the ion beam projecti
This changing of the ripple orientation by changing the i
beam direction shows the influence of the noise which
present in the morphology evolution and induced by the
beam. The new morphology is generated out of this no
and grows with rising fluence. Therefore the old ripple o
entation can be destroyed and substituted by a new one
perpendicular orientation. Figure 6 shows FIBM pictur
from surfaces during such an irradiation procedure. At fi

n

e

FIG. 5. Upper graph: Measured ripple wavelengthl in the
FIBM pictures as a function of the erosion timet. The scaling law
approximated to the data points to a nonlinear behavior in the e
lution of the surface morphology. Lower graph: Measured veloc
dispersion of the ripple propagation with rising wavelength. T
decrease is a clear indicator for rising nonlinear contributions w
rising erosion times.
7-4
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he old ripple orientation parallel to the ion beam projectio
an be seen, then the ripples vanish with successive irrad
ion, while after a certain time and ion fluence the orientatio
as changed to a perpendicular arrangement relative to

on beam. This can also be seen looking at SEM pictures~see
ig. 6! of the borders of such a successively exposed reg

FIG. 6. Upper graph: FIBM pictures of a rippled surface durin
rosion by a rotated ion beam. Within the pictures the changing

he ripple orientation according to the new ion beam orientation c
e seen. Lower graph: SEM pictures of the surface after succes

rradiations. At the borders of the exposed area the change in
ntation can be seen. See the EPAPS~Ref. 34! movie 3.
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after the irradiation has been finished. In the irradiated a
the new orientation is visible while outside the old rippl
with perpendicular orientation can be seen. In the vicinity
the interface, also a transition regime is visible which ori
nates from the spot tails of the focused ion beam. Th
pictures give a decisive insight into the dynamics of t
noise driven transition between the distinct surface morph
ogy orientations. In particular, they show the ability of
description of the mechanism of surface erosion by stoch
tical differential equations.

IV. CONCLUSIONS

In summary, the present observations of the ripple pro
gation and its velocity dispersion with rising wavelengt
give new experimental insights into the microscopic a
real-time behavior of nonequilibrium surface topographi
Using focused ion beam microscopy for initiating and doc
menting sputter erosion with high time and space resolu
has led to the observation of new and distinct nonlinear
fects. In fact, these results show interesting parallels betw
different effects of structuring and pattern formation in n
ture. Furthermore, the combination of focused ion be
treatment and microscopy of solid surfaces will enable f
ther interesting experiments in the near future: By chang
the implantation conditions, especially the spot size of
ion beam and the sweeping frequency over the exposed
gion, one will be able to observe the onset of the format
of surface correlations, such as ripple and dot formatio
and will gain new information on the long- and short-ran
order in the surface morphology evolution.

This work was funded by the Deutsche Forschungs
meinschaft.
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