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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 monitonedsitu during the erosion. The ripple wavelength
increases with the erosion time as:t®%%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 likey o<\ ().
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I. INTRODUCTION AND THEORETICAL ASPECTS
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The surface morphology and its evolution during external o X IxX ay
treatments, e.g., ion beam erosion, is one of the dominating oh\2 oh\2
topics in surface physics. lon beam erosion of solid surfaces +A, &) +Ay v BV*h+ 7. (1)

arises as a consequence of the material removal during ion
bombardment via sputtering of particfel.the ion energy is  F, defines the surface erosion rate of a flat surface at normal
sufficiently low, this sputtering phenomenon is the dominat-ncidence Ey,=®Y,/n), which is directly related to the
ing mechanism governing the evolution of the surface morsputtering yieldY of a flat surfaceCoh/dx is a term related
phology during ion beam treatmenfThe sputtering yield to the derivative of the sputtering yield with respect to the
depends on the local surface curvature in such a way, that fangle of incidence(.“,xvyazh/&x,y2 describes the linear cur-
incident angles not to be near to grazing this dependencyature dependence of the surface erosion, wih,
leads to a surface instabilittsometimes called a negative =(d®aY,/n)T'y,, _/\ny(ah/ﬁx,y)2 being the nonlinear
surface tensionwhere the erosion velocity in depressions iscontribution; BV*h is the surface diffusion according
greater than on mounds of the surface. On the contrary, come Wolf-Villain and Mullins® 7 defines the noise terms
petitive effectgwith surface diffusion as the most prominent corresponding to the implantation process. Several aspects
described by the surface mobiliB) tend to smooth the sur- of this theory have been examined experimentally on
face topography, since they attempt to lower the surfacearious surfaces using scanning probe microsggpgnning
roughness. The interplay between these two effects is re-tunneling microscopy, AFM(Refs. 13—16, 20, 32and light
sponsible for the creation of cones and dots on surfaces apectroscopy’ 1 Although many topics like the micro-
normal ion incidencé, and especially for ripplelike and scopic nature of surface smoothing are still under discussion
wavelike surface morphologies, when the direction of the iorthe physical background of ion beam erosion is well under-
beam is tilted to the surface normaf In this context the stood compared to similar erosion phenomena in nature.
projection of the ion beam onto the surface is namedxthe ~ However, among other features still unknown in this con-
direction; they direction is the perpendicular orientation. text, one severe aspect of the theory has been failed to ob-
Several theoretical descriptions of surface erosion using iogerve up to now: As a consequence of the broken symmetry
beams have been developed, among them the most pronvithen tilting the ion beam to the surface normal, the ripple
nent ones by Bradley and Harfeand Cuerno and fronts should propagate in the direction of the ion beam
Barabasi®* by means of stochastical differential equations.projection®** a phenomenon which is clearly known in the

In all these descriptions the characteristic length on the sumature of wind blowing over granular surfaces. To see if this
face, namely the ripple wavelenghty , [which means that propagation can also be observed on surfaces patterned by
waves occur ink(Ay) andy directions(named\,), depend-  erosion on a nanometer scale would be a fascinating topic in
ing on the angle of incidence of the ion bepfor oblique  surface studies. In fact, this propagation has been predicted
incidence, depends on both roughening and smoothing eby Monte-Carlo simulations of the erosion process in former
fects like N, ,=VB/[C,,|, where|C,,| is the largest abso- publications:*** One obtains surface ripples with wave-
lute value of the surface tension coefficients aBdthe length\, moving into the direction of the ion beam with a
smoothing coefficient (in most theories the surface propagation velocity like

mobility'?). Following the theoretical concepts of Bradley,

Harper, Cuerno, and Ba_rab&é’r,lothe surface height evolu- h(t)= — Fot+A(t)exp{i(2—Wx— wt)
tion h(r,t) can be described as Ax

: @
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Fo andA(t) are physical constants related to the ion flux and
the initial surface morphologyThe erosion theory exhibits a
linear velocity dispersion for the ripples, which means that
the propagation velocity of the ripples should be indepen-
dent of the ripple wavelength, . This propagation at con-
stant velocity, if it could be observed, should be a clear in-
dicator that the evolution of the surface morphology is
governed by linear terms of surface erosion; deviations
would indicate the importance of nonlinear contributions to  FIG. 1. Scanning electron microscopy pictures of the silicon
the theory In order to observe this propagation, one has tosurface after erosion with a 30 keV Gdocused ion beam with a
monitor the evolution of the surface morphology resolved inspot size of 30 nm. The angle of incidence was 30° relative to the
time over a sufficiently long period without any drift or lo- surface normal; the total implantation fluence was 5
cation problems for sample and scanner: requirements whicti 10 ions/cnf. The dimensions of the implanted square are 10

cannot be achieved by probe microscopy or spectroscopy 10 «m?. The ripple morphology is clearly visible. Also the im-
techniques. plantation halo induced by tails of the beam spot and eroded mate-

rial can be seen.

Il. EXPERIMENTAL DETAILS scanning point of the ion beam and this effect can be added

For this reason, in the following experiments the evolu-to a picture of the whole surface area.
tion of (100-silicon surfaces was monitoreéd real timeus-
ing the secondary electron emission from the surface induced
by either a focused electron begnmamely scanning electron
microscopy SEMor a focused ion beaitmamed focused ion Figure 1 shows a typical SEM picture of the exposed
beam microscopy, FIBM? In the latter case, as the innova- region on the surface. The implantation fluence was 5
tive topic, the same ion beam, a 30 keV ‘Gheam with a  x10*® ions/cnf. The implanted and eroded square area of
minimum spot diameter of about 30 nm, was used simulta10x 10 wm? is clearly visible, surrounded by an implanta-
neously for surface erosion and surface microscopy. Théon halo caused by the spot tails of the focused ion beam
technique to use the secondary electron emission from foand eroded material from the exposed &fealso the ripple
cused ion beams for surface micropscopy is described elserorphology caused by the oblique incidence is visible,
where in detaif®?* A square of 1x10 um? was exposed showing the interplay between surface roughening and sur-
to the ion beam under a tilt angle of 30° relative to theface smoothing. This ripple morphology is visible within the
surface normal. In order to provide the evolution of correla-implanted square area as well as in the halo area caused by
tions of the surface topography orders of magnitude abovéhe spot tails of the focused ion beam. Whereas the ripple
the size of the beam spot, the whole exposed area waspacing within the square is homogenous over the exposed
scanned by the ion beam with a 25-100 Hz-repetition ratarea, in the spot tails a continuous decrease of the ripple
(which means that each point of the implanted area is met uppacing can be observéplease see Fig. 2 for a comparison
to a hundred times in a second with a dwell time on eaclof the spacing inside and outside of the exposed)aféds
point of several microsecondsTherefore, within a time can be explained by the ion beam fluence, which decreases
scale of seconds, which is important for erosion experiments;ontinuously with raising the distance from the border of the
the ion beam current can be estimated to be constant in timexposed are®:?’ This behavior is in agreement with theo-
and homogeneous over the exposed area accounting forratical models of ion beam erosion and goes in parallel with
coherent implantation of the whole square within even smalformer experiments regarding the fluence behavior of ion-
sections of the erosion time. The typical ion current densitypeam-eroded surfacgin the following this topic will be
was 7.5<10% cm 2s? (the current density has been varied examined in further detail Although it is not clear which
between 18" and 16° cm ?s 1) over the whole exposed smoothing mechanism is the dominant effect in these
area, which corresponds to a spot current of ca. 15 A/cmexperiments—different scenarios like radiation enhanced dif-
for the focus of the beam. The influence of such an iorfusion and heating are possible among otffefs—the oc-
irradiation on the surface temperature can be estimated usir@yirrence of the ripple morphology shows clearly that surface
the calculation of Melngaili€® If a thermal conductivity of erosion as described above is present in this case. These
1.5 W/cmK is assumed for Si, the temperature increase of th8EM pictures can also be taken for comparison with the
distinct irradiated surface area is abdu K for the beam FIBM micrographs, shown in the following, especially to
exposing a single spot and far belol K for the beam verify that thermal drift of the sample relative to the ion
scanned over the region mentioned above. If the averageeam can be excluded for the interpretation. At this point it
over the whole exposed area is taken, the influence of the ioshould be worth stating that without rapidly scanning the
irradiation on the surface temperature is negligible. In confocused ion beam over the surface no long-range order cor-
trast, the secondary electrons are detected for every distinoélation on the surface can be established and no ripple mor-

Ill. RESULTS AND DISCUSSION
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phology can be generated. In this case, if every point of thghology (which in fact is the ripple wavelength in this case
implanted area would be exposed with the whole ion dose &t increased with the erosion time. The FIBM observation
one time and the ion beam would scan one point after antechnique allows for the first time, to the best of our knowl-
other in this manner, the scenario would completely differedge, to monitor this evolution over several orders of mag-
from a homogeneous and coherent implantation which isitude in real time. The scaling law of this development,
necessary for the formation of long-range order in surfacevhich is an indicator for the strength of nonlinear contribu-
morphology. Especially the sputtering yield as well as the iortions, is shown in Fig. ). Assuming a power lavik,t°,

flux at a certain surface point would be a function of time.one obtainsb=0.50(4), which is in qualitative agreement
Therefore, continuum equations as mentioned above wouldith theoretical results of nonlinear growth during surface
hardly be applicable to describe such a scenario of surfacerosion®>313 The other effect is the propagation of the
erosion. If the focused ion beam is rapidly scanned over theipple fronts in the direction of the ion beam projection onto
exposed region, the irradiation is comparable to a normathe surface, which is clearly visible in the serial pictures of
homogeneous implantation of the whole region. In this casekig. 4. The ripples shown in the pictures move into the di-
a continuous irradiation of the area with a nonfocused ion )

beam can be seen as the ergodic limit of the short-time pe X1BM . Autocorrelation

riodic exposure of each point of the implantation area. This i |
limit has been reached, if the scanning velocity of the fo-
cused ion beam exceeds the diffusion velocity of adatoms or
the exposed surface by orders of magnitude. This conditio
is valid in this case, therefore, all theories of ion beam ero-
sion and its surface morpholgy evolution can be applied to
the experimental scenario used in this work. Within the
variation of the beam current density mentioned above, n
change of the physical scenario has been observed. In Fig.
a typical FIBM micrograph is shown, where also the ripple
morphology is visible. The sections observed with FIBM are
sufficiently smaller than the exposed area to avoid boundary
effects to superimpose the results. In this case the ion fluenc
was 1x 10*® jons/cnt (which corresponds to an exposition
time of 1400 $. The calculated autocorrelation function and
its Fourier transforng(k) prove the periodic character of the
surface topography and can be used for a precise determing
tion of size and orientation of the wave vectork, and
therefore of the ripple spacing,. The line shape of a cut
through the Fourier transform along the sp@kown in the
graph of Fig. 3 fits to the assumptions of the erosion theory
by Bradley and Harpefsee Refs. 9 and 29Figure 4 shows
pictures of the eroded surface taken by FIBM with rising  FG. 3. Focused ion beam micrograph of the exposed region at
erosion time. Two distinct effects can be observed. On th@n erosion time of=1400 s, which corresponds to an ion fluence
one hand, the major ripple wavelength increases with risingf 1x 10'® ions/cnf. The autocorrelation and its Fourier transform
erosion time from 60 to 800 nm. This effect has been proare added to prove the periodic surface structure. The graph shows
posed theoreticalf)®® and previously observed a cut through the spots of the Fourier transform. The line shape fits
experimezntall3?.2 The correlation length of the surface mor- to the assumptions of the theory of Bradley and Harper.
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FIG. 4. Focused ion beam micrographs of the exposed silicon o 0.03 vV~
surface while exposed to a 30 keV Gén beam. The projection of _%
the ion beam onto the surface is given in the pictures. Following the = 50 160 500

pictures with rising erosion tim@eft and middle columnthe ripple wavelength A (nm)
propagation from the right to the left is visib{the dashed lines are
drawn to guide the eygsWith successively rising erosion time also FIG. 5. Upper graph: Measured ripple wavelengthin the
the rising of the ripple wavelengths can be ségght column. See  FIBM pictures as a function of the erosion tireThe scaling law
the EPAPS movie¢Ref. 34 1 and 2. approximated to the data points to a nonlinear behavior in the evo-
lution of the surface morphology. Lower graph: Measured velocity
rection of the ion beam, the velocity can be determined to b@ispersion of the ripple propagation with rising wavelength. This
v=0.33(4) nm/s for the small wavelengths and the experidecrease is a clear indicator for rising nonlinear contributions with
mental conditions chosen in this case. This propagation igising erosion times.
proposed by the linear evolution theory and expresses the
qualitative agreement with the descriptions by Bradley andry in the beam direction. Therefore, between the linear and
Harper and Cuerno and Barabasi. In fact, this propagatiothe nonlinear regime there has to be a continuous crossover
and its mode velocity is of the same size as proposed in which is expressed by the observed velocity evolution. The-
the Monte-Carlo results of ion-beam-eroded carbon surfacesretical approaches indicate that a decrease of the ripple ve-
by Koponenet al,*? which points also to a good agreement |ocity with rising wavelength should take pldéend there-
between computer simulations and experiments. However, dere identify the observed effect of the velocity dispersion to
the ripple wavelength increases with rising erosion time, onéye of a nonlinear origin.
observes a nonlinear velocity dispersion of the propagation, Another interesting behavior can be observed if an al-
which means a continuous decrease of the ripple velocityeady produced ripple morphology is subsequently irradiated
[see Fig. Bb)]. For the largest wavelengths=400 nm, no  with the 30° tilted ion beam which is rotated by 90° in
further propagation is visible within the observed time scaleazimuthal orientation. At the beginning of this irradiation the
In fact, as also smaller ripples occur sporadically between theipple orientation goes in parallel with the ion beam projec-
major wavelengths, they start to catch up with the majorion onto the surface. With rising erosion time one can ob-
fronts and vanish into the flanks. A scaling law approximatedserve first the vanishing of the ripple orientation and after-
to the data exhibits an observed velocity dispersiorvof wards the development of the new ripple morphology with
oc)\x_l'5(1) above a certain ripple wavelength, which means ahe new orientation perpendicular to the ion beam projection.
certain erosion time in this case. Up to this wavelength and his changing of the ripple orientation by changing the ion
erosion time the velocity is nearly constant; only above thisbeam direction shows the influence of the noise which is
value a decrease is visible. This decrease cannot be explainpdesent in the morphology evolution and induced by the ion
by theory up to now. In fact, it might be an indication for a beam. The new morphology is generated out of this noise
continuous transition to a rising nonlinear contribution inand grows with rising fluence. Therefore the old ripple ori-
surface erosion. Since these dominant nonlinear terms dentation can be destroyed and substituted by a new one with
pend on the square of the local surface slopes, these suppleerpendicular orientation. Figure 6 shows FIBM pictures
mentations are known to scale down the breaking of symmefrom surfaces during such an irradiation procedure. At first
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t=100s t=200s t=400s t=900s after the irradiation has been finished. In the irradiated area

‘ the new orientation is visible while outside the old ripples
with perpendicular orientation can be seen. In the vicinity of
the interface, also a transition regime is visible which origi-
nates from the spot tails of the focused ion beam. These
pictures give a decisive insight into the dynamics of this
noise driven transition between the distinct surface morphol-
ogy orientations. In particular, they show the ability of a
description of the mechanism of surface erosion by stochas-
tical differential equations.

IV. CONCLUSIONS

In summary, the present observations of the ripple propa-
gation and its velocity dispersion with rising wavelengths
give new experimental insights into the microscopic and
real-time behavior of nonequilibrium surface topographies.
Using focused ion beam microscopy for initiating and docu-
menting sputter erosion with high time and space resolution
has led to the observation of new and distinct nonlinear ef-
FIG. 6. Upper graph: FIBM pictures of a rippled surface during fects. In fact, these results show interesting parallels between

erosion by a rotated ion beam. Within the pictures the changing ofdfrf:regfjr?;f:rﬁsog Stt#(jeCt(l;Jcr)g%ir?ggoﬁag?rpoézrsrzgn?onn Ir;)g:r:n
the ripple orientation according to the new ion beam orientation ca t t and mi ’ f solid £ i ble f

be seen. Lower graph: SEM pictures of the surface after successi ea men an mlcrospopy o. Soh' sur a;:es W_' enah e gr—
irradiations. At the borders of the exposed area the change in orl! er_lnterestln_g EXperlments in the near uture: By_c anging
entation can be seen. See the EPARSY. 34 movie 3. the implantation conditions, especially the spot size of the
ion beam and the sweeping frequency over the exposed re-
. . . . ... gion, one will be able to observe the onset of the formation
the old ripple orientation parallel to the ion beam prolect|onOf surface correlations, such as ripple and dot formations,

can be seen, then the .rlp_ples van[sh with successive |rre}d|%—nd will gain new information on the long- and short-range
tion, while after a certain time and ion fluence the orientation

. . order in the surface morphology evolution.
has changed to a perpendicular arrangement relative to the
ion beam. This can also be seen looking at SEM pict(ses This work was funded by the Deutsche Forschungsge-

Fig. 6) of the borders of such a successively exposed regiomeinschatft.
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