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Ripple Structure on Ag(110) Surface Induced by Ion Sputtering
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(Received 4 December 1996)

The morphology of the Ag(110) surface afterAr1 ion sputtering has been studied by a variable
temperature scanning tunneling microscope. For ion energies greater than 800 eV and in the
temperature range270 , TS , 320 K (where TS is the sputtering temperature), a peculiar ripple
structure well aligned along thek110l direction and independent of the ion beam angle has been
observed. A simple model of this effect, based on the anisotropy and on the temperature hierarchy of the
Ag adatom and vacancy surface diffusion, explains the observed features. [S0031-9007(97)02931-1]
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The evolution of surface morphology during ion sput
tering is a complex phenomenon which includes, general
speaking, roughening and smoothing processes, and
actual morphology is determined by a balance betwee
them. In many cases, it has been found that the roughne
of a sputtered surface evolves following scaling law
[1–3] as observed in graphite samples [4] and that also
transition between dynamic scaling regimes can occur,
recently observed in Ge [5]. The driving mechanism fo
all these phenomena is the dependence of the sputter
yield on the local surface curvature [4,6,7]. A continuum
equation for the height of the interface well describe
the time evolution of the system [4] and, in particula
conditions, some spatial components can be amplifie
so that a ripple structure can appear, with well-define
orientation and amplitude [8]. This structure has bee
observed in SiO2 films [6] and in Ge(001) [7]. In both
cases, it is perpendicular to the ion beam direction, with
periodicity of 260 and 2000 Å, respectively. It appear
after sputtering at off normal incidencesq  55±d, and it
is strongly dependent on the ion fluence and the cryst
temperature. In a recent Letter, Cuernoet al. [9] intro-
duced a stochastic model to explain the formation of th
structure induced by ion sputtering. They show that th
time evolution of the surface roughness crosses differe
scaling regimes and in a precise time interval,determined
by a balance diffusion and erosion rates,the height of
the interface is almost periodic. The above model is of
general character, where the appearance of a ripple str
ture is independent of the nature of the sample. Althoug
many experiments of ion sputtering have been carried o
on metals, none of them have reported the appearance
a periodic structure. Recently, Krimet al. [10] measured
by scanning tunneling microscopy (STM) the surfac
roughness after ion sputtering in Fe(100) films. The
found that the surface roughness scales with the scan s
indicating a self-affine fractal surface, however, they di
not observe the periodic structure because they did n
measure the height of the interface under the appropria
experimental conditions. As stated above in fact, the tim
interval where it is possible to observe such an effect
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strongly dependent on the experimental conditions as w
as on the physical properties of the surface, and it
be particularly short in metals as the diffusion mobili
of vacancies and adatoms is high. In light of the abo
considerations, we decided to investigate the morphol
of a metal surface after ion sputtering, in order to ver
whether a ripple structure can be induced also in me
surfaces. Such a study is conveniently performed in
variable temperature scheme: As the surface diffus
is strongly temperature dependent, for a fixed ion flux
particular temperature must exist at which the diffusi
and erosion rates have the correct relation, and in th
conditions a periodic structure should appear on
surface. The experiment was carried out by using
variable temperature STM [11], located in an UHV cham
ber (base pressureø10210 mbar) with standard facili-
ties. The sample temperatureTS can be varied in the
60–500 K temperature range. To perform this stud
we used an Ag(110) crystal where the surface dif
sion is highly anisotropic, being faster along thek110l
direction [12]. In this case the formation of a ripp
structure should be favored, as the mass transpor
enhanced in a well-defined direction. In addition, t
adatom and vacancy mobility is high enough to allo
us to search for the effect exploring a temperature ra
around room temperature. The Ag crystal is align
to better than 0.2± along the (110) direction. In Fig. 1
the Ag(110) surface after the standard cleaning p
cedure (several cycles of sputtering and annealing,
reported in [13]) is shown, and in the inset the atom
structure is resolved. The experiment consists of sp
tering the surface byAr1 ions, with an energyEi

between 500 eV and 1.5 keV, whileTS is in the range
230–400 K. After the sputtering process, the sample
cooled in few minutes down toT0  200 K, in order
to inhibit the interlayer mass transport. The surfa
morphology is then investigated by STM as a functi
of the angle of incidence of the ion beamq , as well as
of the ion flux F and of the ion fluenceC (C  Ft,
where t is the sputtering time). All images presente
in this Letter have been acquired at constant curren
© 1997 The American Physical Society 2795
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FIG. 1. The Ag(110) after several sputtering and anneali
cycles, showing that large terraces are developed on our sam
(image size2400 3 2400 Å2). In the inset the atomic structure
is resolved.

differential mode, so that it is not possible to extract a
absolute calibration of the surface roughness; howev
in many cases it is possible to count directly the expos
layers. The tip-sample voltage is in the 1–1.5 V rang
while the tunneling current is about 1 nA. In thes
conditions, the effect of the scanning on the sample m
phology is negligible, as directly observed by comparin
subsequent images. In Fig. 2, a series of six imag
obtained at differentTS is presented. For all images
q  0± (i.e., normal incidence),Ei  1 keV, t 
15 min, F  3 1013 ions cm22 sec21, and C 
2.7 1016 ions cm22. The ion flux and fluence can be
expressed in terms of the Ag(110) surface density, res
ing in F  0.035 ML sec21 andC  32 ML (1 ML 
8.45 1014 atoms cm22), respectively. It is evident that
a ripple structure is induced on the Ag(110) surface,
TS  300 K [cf. Fig. 2(d)]. At lower temperatures, the
surface morphology does not present any long range or
structure, as in Figs. 2(a) and 2(b), while forTS  320 K
the periodicity starts to vanish and disappears complet
at higher temperatures [cf. Figs. 2(e) and 2(f)]. Th
structure reported in Fig. 2(c) is a particular case, whi
will be described in detail later.

The ripple morphology has been reported several tim
and more than 200 images have been acquired. Fr
these images, we can derive some general features of
phenomenon:

(1) When the structure is developed as in Fig. 2(d), t
“channels” are aligned along thek110l direction, and more
than 20 layers are exposed. The spatial periodicity of t
structure is630 6 130 Å [14]. The orientation and the
periodicity are independent on the ion beam inciden
2796
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FIG. 2. Six images of the Ag(110) after sputtering at diffe
ent temperaturesTS : 230, 250, 270, 300, 320, and 400 K, re
spectively. For all images the sputtering conditions areEi 
1 keV, F  0.035 ML sec21, C  32 ML. The bar corre-
sponds to a length of 960 Å for the images (a)–(e) and to
length of 480 Å for the image (f ).

angle, as well as from the azimuthal angle which ha
been varied during the experiment from0± to 30± and
from 0± to 60±, respectively.

(2) The ripple structure sets in forEi . 800 eV at
300 K, and it is present everywhere on the crystal with
coherence of several thousand Angstrom [see Fig. 2(
Above this energy, the resulting structure does not cha
significantly. This is related to energy dependence
the sputtering yieldYS which remains about constan
for energies in the range 1–10 keV [15]. Following th
method described in [16], we measuredYS  2.5 6 0.3
at an ion energy of 1 keV, in agreement with the val
2.9 reported in the literature [15].

(3) It is unstable at room temperature. In Fig. 3 w
show the same surface region after ion sputtering atTS 
300 K, 3(b) being acquired 140 min after 3(a). In the cas
the sample was not cooled down to 200 K. A substan
smoothing of the surface is evident: Few channels
present on the same area, and they are not as deep.
exposed layers are about 21 in (a) and 17 in (b).

(4) The structure depends on the ion flux and n
on the fluence, at least at 300 K. In Fig. 4 we repo
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FIG. 3. Two successive images of the same sample zone
being acquired about 140 min after (a). The sputtering con
tions areTS  300 K, Ei  1 keV, F  0.035 ML sin 21, and
C  32 ML.

two images of the Ag(110) crystal after ion sputteri
in the following conditions:TS  300 K, Ei  1 keV,
q  0±, C  10.5 ML, but at different fluxes,F 
0.035 ML sec21 for 4(a) andF  0.01 ML sec21 for
4(b). While in 4(a) the ripple structure is well develope
with the channels elongated along the compact direct
in 4(b) the surface does not present any evidence
periodicity, and fewer layers are exposed.

A complete analysis of time and temperature evolut
of the ripple structure, as well as the ion energy, ion flu
and fluence dependence, will be presented elsewhere

In order to develop a qualitative model of this ph
nomenon, we believe that two observations are fundam
tal: The ripple structure is well oriented along thek110l
direction, and it appears only in a restricted temperat
range. Previous studies on the surface morphology
Cu(001) and Pt(111) after ion sputtering [18–20] clea
show that the diffusion processes of adatoms and vacan
play the major role in determining the surface structu
However, in these isotropic faces, no ripple structures h

FIG. 4. Two images acquired atT0  200 K after sputter-
ing at equal fluence (10.5 ML) but at different ion fluxe
0.035 ML sec21 (a) and 0.01 ML sec21 (b), respectively.
TS  300 K and Ei  1 keV.
(b)
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been found. On the contrary, it is well known that for (110)
metal surfaces both intralayer and interlayer diffusion pro-
cesses are strongly anisotropic, enhancing the mass tran
port along thek110l direction. From these considerations,
we infer that in our case theanisotropyand thetemperature
hierarchy of the different surface diffusion processes are
responsible for the formation of the ripple structure. The
energy barriers for the adatom diffusion on the Ag(110)
surface have been recently calculated by quenched molecu
lar dynamics [12]. The intralayer diffusion along thek110l
direction has an energy barrierS1  0.28 eV (in-channel
jump), while for the corresponding process along thek001l
directionS2  0.38 eV (cross-channel exchange); among
the interlayer processes, the jump down ak110l step (jump
descent) has an energy barrier ofS3  0.35 eV, signifi-
cantly less than the corresponding process at ak001l step
(exchange descent)S4  0.56 eV. Despite the absolute
values, the calculation reported in [12] establishes a pre-
cise hierarchy for the predominant diffusion process at a
fixed temperature.

By means of these results, we can explain our observa
tion as follows: (a) At low temperaturessTS , 250 Kd, the
dominant process is the in-channel jump: The interlayer
mass transport is inhibited or less effective and the surface
morphology does not present any periodicity or structure.
Only the shape of holes and islands recalls the surface
symmetry. (b) When250 , TS , 320 K, the interlayer
diffusion along thek110l direction becomes more and more
important: The two mechanisms (in-channel jump and
jump descent) act together to create the deep holes
[cf. Fig. 2(c)] and the “hills and valleys” structures
[cf. Fig. 2(d)] as the mass redistribution is always along
the k110l direction. (c) Finally, at TS . 320 K the
interlayer mass transport along thek001l direction (i.e.,
perpendicular to the channels) is also activated, and the
surface recovers a smooth morphology.

From our experimental results, it is not possible to
deduce the real values of the energy barriers involved.
However, the ratio between the energy barriers for the
two competing interlayer processes can be estimated in
a rough approximation following the method reported in
[21]. Assuming that the two processes become impor-
tant at the temperatureTS3  250 K and TS4  320 K,
respectively, a rough evaluation of the ratio can be in-
ferred from the relationS4yS3 ø TS4yTS3. From our re-
sults S4yS3 ø 1.3, lower than but of the same order as
1.6 calculated by molecular dynamics. The value 1.3 cor-
responds to the rough approximation that the prefactors
for the two processes are equal. Overcoming this approxi-
mation and by using realistic values for the prefactors
[22], the ratio is always in the range 1.3–1.6.

Two other observations support the proposed model:
the instability of the ripple structure at room temperature
and its dependence on the ion flux. While at low
temperature the ripple structure is stable (see Fig. 2), a
room temperature the surface is smoothened significantly
on a time scale of an hour (see Fig. 3): According to
2797
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our picture this effect can occur because mass trans
along thek001l direction becomes high enough. On th
other hand, the different morphology which appears
low ion fluxes (see Fig. 4) can be understood consider
that the surface has sufficient time, between an ion
and the following, to rearrange itself via the diffusio
processes.

In spite of the goodness of these qualitative and int
tive arguments to explain our results, the transition b
tween the “holes” [cf. Fig. 2(c)] to the hills and valley
[cf. Fig. 2(d)] regime must involve a more complicate
mechanism. A crucial role could be played by the clu
ter of vacancies created by the sputtering in deeper lay
(not in the first). These clusters have been recently
served by Schmidet al. [23], and the fingerprint of their
presence is small bumps visible on the surface. As we
serve similar features on Ag(110) after the sputtering p
cedure [cf. Fig. 2(f)], we propose that these clusters
present also in our surface after sputtering and that t
can move, at sufficient temperature, and coalesce to
duce the hills and valleys morphology.

In conclusion, we report on a new effect induced
Ag(110) surface by ion sputtering. In a restricted tempe
ture range270 , TS , 320 K, the sputtering produces
ripple structure, having a periodicity of about 600 Å. I
orientation and periodicity are independent of the geom
rical parameters of the experiment. In a simple model, t
ripple structure is the result of the balance between the e
sion rate and the anisotropic surface diffusion. We wan
emphasise that the ripple structure appears on the Ag(1
surface after ion sputteringat normal incidence,while in
other cases [6,7] it has been observed only at larger i
dence angles. At normal incidence the dependence of
sputtering yield on the surface curvature and the shadow
effect are negligible, so they cannot trigger the appeara
of the surface instability. The same effect should app
on all metal surfaces (at the correct temperature), in wh
the adatom diffusion is strongly anisotropic. Our expe
ment not only confirms the generality of the model pr
posed in [9], but also demonstrates a new possibility
modify a metal surface on a nanometer scale.

We are indebted to R. Ferrando, H. Brune, a
P. Politi for many elucidating discussions. D. Pagno
and E. Giudice must be thanked for their help in the ST
measurements.
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