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Scaling Laws of the Ripple Morphology on Cu(110)
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The evolution of the Cu(110) surface morphology during low temperature (180 K) ion sputtering w
studied as a function of the incident ion beam angleu by means of scanning tunneling microscopy.
The morphology was dominated by a ripple structure with the wave vector parallel or perpendicular
the direction of the incident beam. The time evolution of the interface shows that the ripple wavelen
increases in time following a scaling lawl ~ tz , with z  0.26 6 0.02. These results are ascribed to
the effect of a Schwoebel barrier on the interlayer diffusion of the recoiling atoms produced during i
sputtering. [S0031-9007(98)07515-2]

PACS numbers: 68.35.Ct, 61.16.Ch, 79.20.Rf, 81.15.Cd
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The understanding of the erosion process induced by i
sputtering on surfaces is of great interest since this meth
is commonly used in analytical techniques or to produc
structures on the nanometer scale. Quite recently the
has been a great effort in performing both experimental
well as computer simulation studies in order to explain th
appearance of peculiar morphologies created by ion bo
bardment, such as ripples. It has been known for a lo
time that such ripples can develop after ion bombardme
(usually at room temperature and at off-normal incidenc
on glass [1], amorphous films [2], and semiconducto
[3–5], but satisfactory models explaining this effect hav
been developed only in recent years [4,6–9]. In all the
models the interface is described by a continuum fun
tion (the heighth in respect to a reference plane) and it
variation in space and time is studied without reference
the atomistic processes involved during sputtering. Th
structures are interpreted as interface instabilities caus
by the sputtering erosion, dependent on the local surfa
curvature, which competes with the (low) surface diffu
sion. Many experiments on metals have been reporte
all performed in quite similar experimental conditions (ion
energy 1–5 keV and ion flux5 50 mAycm2). Hexago-
nal pits on Pt(111) [10] and Cu(111) [11] or square hole
on Ag(001) [12] and on Cu(001) [13] have been observe
reflecting the atomic surface symmetry without any ev
dence of ripple structures. Similar results have been fou
also on crystalline Fe films [14]. In a recent Letter [15
we observed a ripple structure on a Ag(110) single cryst
(1 keV Ar1 ion bombardment). Three features distinguis
this surface morphology from those observed on sem
conductor or amorphous materials [16]: (a) It appears a
ter sputtering at normal incidence [u  0±, cf. Fig. 2(a)];
(b) it is always aligned alongk110l, independently on the
ion beam direction at least foru # 30± and for different
surface orientationsd [cf. Fig. 2(a)]; (c) it appears only in
a restricted temperature range (280–320 K). We attribut
this difference to the fact that, in metals, surface diffusio
prevails over erosion in determining the final morpholog
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[15], while in nonmetals the morphology is mainly cause
by erosion [8]. Since the substrate temperature can be v
ied in order to suppress different diffusion terms governin
the surface evolution, as previously shown by Chasonet al.
[4], we expect that also in metals it should be possib
to induce a ripple structurehaving the same character-
isticsobserved in amorphous and semiconductor materi
simply depressing diffusion rates by lowering the temper
ture. In order to check this possibility we performed io
sputtering experiments on Cu(110) in a wide temperatu
range.

The experimental setup as well as the method used
been described elsewhere [15,17]. The Cu(110) samp
with a miscut,0.15± [18], presents terraces of the order o
100 nm or larger. The crystal has been sputtered by 1 k
Ar1 ions at a temperatureTS in the range 180–450 K and
subsequently observed with an ultrahigh vacuum-scann
tunneling microscope (UHV-STM) after a fast cooling t
T > 100 K. After each measurement the substrate w
reprepared by annealing at 900 K. The surface morph
ogy has been analyzed as a function of the ion fluxF, the
sputtering timet, ion incidence angleu, and surface ori-
entationd [cf. Fig. 2(a)]. Foru  0±, TS  300 320 K
and F  7 mAycm2, the morphology is similar to that
observed on Ag(110) [15], with ripples aligned along th
fast diffusion directionk110l (Fig. 1). On the contrary, for
TS # 180 K, we observe a ripple structure whose orien
tation depends on the ion beam direction. In Fig. 2, t
morphology of the Cu(110) surface after ion sputtering
different incidence anglesu is reported. For all images
TS  180 K, F  5 mAycm2, t  15 min, andd  0±.
At normal incidence [Fig. 2(b)] the surface appears roug
without evidence of any periodic structure. Atu  15±

[Fig. 2(c)] the morphology changes significantly. A regu
lar pattern of ripples is now present on the surface, havi
the wave crests aligned (within10±) to thek001l direction
and almost perpendicular to the direction of the incide
ion beam. The ripple wavelengthl can be calculated from
the two-dimensional map of the height-height correlatio
© 1998 The American Physical Society
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FIG. 1. Surface morphology (size400 3 400 nm2) after ion
sputtering at normal incidencesu  0±d. The values of the
experimental parameters areTS  320 K, F  7 mAycm2,
and t  15 min. A ripple structure aligned along thek110l
direction is clearly visible.

functionGsrd as described in [19].Gsrd is defined as [7]

Gsrd  khsr1dhsr1 1 rdl 2 khsr1dl2, (1)

where hsrd is the height of the interface at positionr
and k l indicates a spatial average. For each image,
set khsrdl  0 by subtraction of the best-fit plane. The
2D Gsrd can be easily calculated via the 2D fast-Fourie
transform algorithm and its power spectrum [19,20]. F
u  15±, l results 13 6 2 nm, while the mean peak-
to-peak depth amplitude of the ripples is about 0.7 nm
corresponding to more than 5 Cu layers. Increasing t
incidence angle up to55± [Fig. 2(d)] the periodic pattern
does not change its characteristics; atu > 60± the peri-
odic structure disappears [Fig. 2(e)]. Finally foru  70±

[Fig. 2(f)] the ripple structure rotates by90±, with the
wave crests parallel to the ion beam direction. Now th
spatial period is16 6 4 nm, while the depth is of about
0.4 nm. The ripple rotation, observed varyingu, does not
depend on the ion flux or ion fluence, at least in the ran
studied in the present work (1.5 # F # 16 mAycm2 and
1 # t # 240 min).

In order to quantitatively characterize the observed mo
phology, we study the scaling properties of the interfa
as done in [21–23] for surfaces with a periodic (moun
morphology. First we followed the surface evolutio
versusthe sputtering time. In Fig. 3 we report four image
taken at different times, in the following experimental con
ditions: F  16 mAycm2, TS  180 K, u  45±, and
d  0±. The interface roughnessW , defined as the root
mean square of the surface height, scales asW ~ tb , with
b  0.43 6 0.08 and does not saturate in more than tw
decades (Fig. 4). Also foru  70± no saturation has been
found sb  0.20 6 0.05d, while for normal incidenceW
seems to saturate at a low value (>4 atomic layers) in about
100 sec withb > 0.6 [24]. We also calculated the depen
dence ofW on the system sizeL, finding the scaling law
W ~ La . We determineda from our STM images fol-
lowing the methods reported in [14,25]. For all the value
of u considered, we found an algebraic scaling of the i
we
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FIG. 2. Five images (size400 3 400 nm2) of the Cu(110)
surface after ion sputtering at different impact anglesu. The
values of u are 0±, 15±, 55±, 65±, and 70±, respectively,
for (b), (c), (d), (e), and (f). For all imagesTS  180 K,
F  5 mAycm2, t  15 min, andd  0±. The white arrow
indicates the ion beam direction. The inset (a) shows t
experimental geometry.

terface characterized bya that increases with time from
0.5 to 0.9. Finally, we observed a time scaling behavi
also for the ripple wavelengthl ~ tz with z depending on
u. We foundz  0.26 6 0.02 at u  45± (Fig. 4) and
z  0.13 6 0.03 at u  70±.

The results we presented indicate that ion sputteri
at low temperaturecan induce also on a single crysta
metal surface a ripple structure similar to that produc
on amorphous or semiconductor materials. In fact, o
results show that atu  0± no ripples are present on the
surface, while foru . 0± their orientation is related to the
ion beam direction. Ford  0±, an abrupt rotation by
90± occurs ifu is greater than a critical valuesuc > 60±d,
according to the continuum theory for amorphous syste
developed by Cuerno and Barabasi [8] (in the followin
referred to as the CB model). However, the observ
scaling exponents are different from the values calculat
in the CB model which does not predict any coarsenin
effect in timesz  0d and foreseesa > 0 for u . uc.

Barabasi and Stanley [26] have pointed out that sputt
ing erosion and atom deposition are two processes wit
number of common features. This allows us to descri
4185
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FIG. 3. Four images (size400 3 400 nm2) of the Cu(110)
surface after ion sputtering at different sputtering time
For all images, TS  180 K, u  45±, d  0±, and F 
16 mAycm2. The insets report the correspondingGsrd (area
100 3 100 nm2).

the surface evolution during sputtering by means
equations formally identical to those describing surfac
growth, as shown in [8]. In particular, in both cases, th
surface evolution is determined by atomistic processes
volving deposited adatoms (during growth) or adatom
and vacancies created by the ion impacts (during sp
tering). In fact it has been demonstrated by Teiche
et al. [27] that a large number of adatoms are created
a surface during ion sputtering. They estimated that,
Pt(111), each 5 keV Xe1 ion projectile produces about
65 adatoms located within an average distance of25 Å
from the impact point, but in some cases they found i
lands containing up to 500 adatoms. They also not
that these adatoms nucleate in monatomic height islan
indicating that they diffuse significantly on the surfac
and contribute to the final surface morphology. Als
in the present case the adatoms created by ion impa
represent the main diffusing species, while vacancies
not contribute significantly to the mass redistribution a
their energy diffusion barrier is too high [28]. Look-
ing for an analogous result in growth experiments, w
note that the observed scaling laws appear very simi
to those measured on substrates with a Schwoebel b
rier at the step edges [21,23,29,30]. In fact a releva
mound coarsening with an exponentz > 0.25 has been
observed during homoepitaxial growth on Fe(001) [29,3
while a > 1, b > 0.5, andz > 0.25 have been reported
for Cu deposition on Cu(001) [21,23]. Identical result
have been also obtained in computer simulations [31,3
At grazing impact anglessu . ucd, we found thatl still
follows a time scaling law but with a smaller value o
4186
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FIG. 4. The ripple wavelengthl and the surface roughnessW
as a function of the sputtering timet. TS  180 K, u  45±,
d  0±, andF  16 mAycm2.

the z coefficient sz  0.13d. Similar values have been
found, at the initial growth stages, both in a growth e
periment [30] and in computer simulations [32,33]. Th
previous resemblance suggests that a Schwoebel ba
has to have a leading effect also during sputtering. In fa
the adatoms that reach a step edge feel a Schwoebel
rier (ES001  0.27 eV andES110  0.19 eV, respectively,
alongk001l andk110l [28]) which, limiting the interlayer
mass transport, produces an uphill adatom current t
leads to an increase of the local slope, i.e., to a surfa
instability. In order to account for this effect we sugge
to introduce in the CB model the term

2S110
≠2h
≠x2 2 S001

≠2h
≠g2 1 nonlinear terms, (2)

where S001 ~ 1 2 exps2ES001ykTd and S110 ~ 1 2

exps2ES110ykTd are positive coefficients [31,34,35].
The linear part of Eq. (2), having the same function

dependence as the erosion terms in the CB mod
determines the growth of surface instabilities and th
temperature evolution as shown in [36]. The nonline
terms in Eq. (2), as discussed in [31,34,35], contr
the time evolution of the ripple structure inducing
coarsening effect [37].

For normal sputtering we do not observe any surfa
instability. A similar result has been obtained by Cart
and Vishnyakov [38] during high energy, near-normal in
cidence Xe1 sputtering of Si. They explain the absence
periodic structures by including in the CB model a smoot
ing term, effective only for a small value ofu, account-
ing for the atomic displacement induced by irradiatio
We think that foru  0± this sputtering-induced diffusion
term can dominate both previous instabilities and thus do
not allow the formation of periodic features [36].

Finally, we are not able to measure the effects of the i
planted ions on the final surface morphology. Howeve
since the implanted ion number as well as the radiati
damage are expected to be temperature independent
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on the contrary, Figs. 1 and 2 show very different mor
phologies, we can exclude any relevant role of the io
implantation on the surface evolution, at least in firs
approximation.

In conclusion, the nature and behavior of the rippl
morphology induced by ion sputtering at low temperatur
on Cu(110) has been studied. The results indicate that f
a full description of the erosion process on single cryst
metals it is necessary to introduce in the CB model [8
a most realistic diffusion term, taking into account the
presence of a Schwoebel barrier.
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