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Ripple Structure on Ag(110) Surface Induced by lon Sputtering
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The morphology of the Ag(110) surface aftar® ion sputtering has been studied by a variable
temperature scanning tunneling microscope. For ion energies greater than 800 eV and in the
temperature rang@70 < Ts < 320 K (where Ts is the sputtering temperature), a peculiar ripple
structure well aligned along thél10) 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]

PACS numbers: 68.55.Jk, 68.35.Bs, 79.20.Rf

The evolution of surface morphology during ion sput- strongly dependent on the experimental conditions as well
tering is a complex phenomenon which includes, generallas on the physical properties of the surface, and it can
speaking, roughening and smoothing processes, and the particularly short in metals as the diffusion mobility
actual morphology is determined by a balance betweenf vacancies and adatoms is high. In light of the above
them. In many cases, it has been found that the roughnessensiderations, we decided to investigate the morphology
of a sputtered surface evolves following scaling lawsof a metal surface after ion sputtering, in order to verify
[1-3] as observed in graphite samples [4] and that also whether a ripple structure can be induced also in metal
transition between dynamic scaling regimes can occur, asurfaces. Such a study is conveniently performed in a
recently observed in Ge [5]. The driving mechanism forvariable temperature scheme: As the surface diffusion
all these phenomena is the dependence of the sputtering strongly temperature dependent, for a fixed ion flux a
yield on the local surface curvature [4,6,7]. A continuumparticular temperature must exist at which the diffusion
equation for the height of the interface well describesand erosion rates have the correct relation, and in these
the time evolution of the system [4] and, in particularconditions a periodic structure should appear on the
conditions, some spatial components can be amplifiedurface. The experiment was carried out by using a
so that a ripple structure can appear, with well-definedrariable temperature STM [11], located in an UHV cham-
orientation and amplitude [8]. This structure has beerber (base pressure-10~'° mbar) with standard facili-
observed in SiQ films [6] and in Ge(001) [7]. In both ties. The sample temperatu@® can be varied in the
cases, it is perpendicular to the ion beam direction, with &0-500 K temperature range. To perform this study,
periodicity of 260 and 2000 A, respectively. It appearswe used an Ag(110) crystal where the surface diffu-
after sputtering at off normal inciden¢¢ = 55°), and it  sion is highly anisotropic, being faster along ttig0)
is strongly dependent on the ion fluence and the crystalirection [12]. In this case the formation of a ripple
temperature. In a recent Letter, Cuergibal. [9] intro-  structure should be favored, as the mass transport is
duced a stochastic model to explain the formation of thinhanced in a well-defined direction. In addition, the
structure induced by ion sputtering. They show that theadatom and vacancy mobility is high enough to allow
time evolution of the surface roughness crosses differenis to search for the effect exploring a temperature range
scaling regimes and in a precise time intenddtermined around room temperature. The Ag crystal is aligned
by a balance diffusion and erosion ratebe height of to better than 0.2along the (110) direction. In Fig. 1,
the interface is almost periodic. The above model is of ahe Ag(110) surface after the standard cleaning pro-
general character, where the appearance of a ripple strucedure (several cycles of sputtering and annealing, as
ture is independent of the nature of the sample. Althougheported in [13]) is shown, and in the inset the atomic
many experiments of ion sputtering have been carried oudtructure is resolved. The experiment consists of sput-
on metals, none of them have reported the appearance t&ring the surface byAr™ ions, with an energyE;

a periodic structure. Recently, Kriet al. [10] measured between 500 eV and 1.5 keV, whilEs is in the range

by scanning tunneling microscopy (STM) the surface230—400 K. After the sputtering process, the sample is
roughness after ion sputtering in Fe(100) films. Theycooled in few minutes down td, = 200 K, in order
found that the surface roughness scales with the scan site inhibit the interlayer mass transport. The surface
indicating a self-affine fractal surface, however, they didmorphology is then investigated by STM as a function
not observe the periodic structure because they did naif the angle of incidence of the ion beath as well as
measure the height of the interface under the appropriatef the ion flux ® and of the ion fluenceV (¥ = &y,
experimental conditions. As stated above in fact, the timevhere t is the sputtering time). All images presented
interval where it is possible to observe such an effect isn this Letter have been acquired at constant current in
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600 A

FIG. 1. The Ag(110) after several sputtering and annealing
cycles, showing that large terraces are developed on our sample
(image size2400 X 2400 A?). In the inset the atomic structure

is resolved.

differential mode, so that it is not possible to extract an )
absolute calibration of the surface roughness; however, .

; o . . Ts= —

in many cases it is possible to count directly the exposed DT=200K

layers. The tip-sample voltage is in the 1-1.5 V rangeFIG. 2. Six images of the Ag(110) after sputtering at differ-
while the tunneling current is about 1 nA. In these®ent temperaturegs: 230, 250, 270, 300, 320, and 400 K, re-

P : spectively. For all images the sputtering conditions Bre=
conditions, the effect of the scanning on the sample mor? keV,  — 0.035 ML sec_!, W — 32 ML, The bar corre-

phology is nggligible, as dir_ectly obser\{ed by CQmpafingsponds to a length of 960 A for the images (a)—(e) and to a
subsequent images. In Fig. 2, a series of six imagerngth of 480 A for the image (f).

obtained at differentTs is presented. For all images

¥ =0° (i.e., normal incidence),E; = 1keV, t =

15 min, ® =310%ionscm? sec’!, and ¥ = angle, as well as from the azimuthal angle which have
2.710'® jonscni?2.  The ion flux and fluence can be been varied during the experiment frodi to 30° and
expressed in terms of the Ag(110) surface density, resulfrom 0° to 60°, respectively.

ing in® = 0.035 ML sec™!' and¥ =32 ML (1 ML = (2) The ripple structure sets in faE; > 800 eV at
8.4510'* atoms cm?), respectively. It is evident that 300 K, and it is present everywhere on the crystal with a
a ripple structure is induced on the Ag(110) surface, ifcoherence of several thousand Angstrom [see Fig. 2(d)].
Ts = 300 K [cf. Fig. 2(d)]. At lower temperatures, the Above this energy, the resulting structure does not change
surface morphology does not present any long range ordsignificantly. This is related to energy dependence of
structure, as in Figs. 2(a) and 2(b), while iy = 320 K the sputtering yieldYs which remains about constant
the periodicity starts to vanish and disappears completelfor energies in the range 1-10 keV [15]. Following the
at higher temperatures [cf. Figs. 2(e) and 2(f)]. Themethod described in [16], we measurgg = 2.5 = 0.3
structure reported in Fig. 2(c) is a particular case, whictat an ion energy of 1 keV, in agreement with the value
will be described in detalil later. 2.9 reported in the literature [15].

The ripple morphology has been reported several times, (3) It is unstable at room temperature. In Fig. 3 we
and more than 200 images have been acquired. Froshow the same surface region after ion sputterinfsat
these images, we can derive some general features of tH80 K, 3(b) being acquired 140 min after 3(a). Inthe case,
phenomenon: the sample was not cooled down to 200 K. A substantial

(1) When the structure is developed as in Fig. 2(d), thesmoothing of the surface is evident: Few channels are
“channels” are aligned along tk&10) direction, and more present on the same area, and they are not as deep. The
than 20 layers are exposed. The spatial periodicity of thexposed layers are about 21 in (a) and 17 in (b).
structure is630 + 130 A [14]. The orientation and the (4) The structure depends on the ion flux and not
periodicity are independent on the ion beam incidencen the fluence, at least at 300 K. In Fig. 4 we report
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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 trans-
port along the110) direction. From these considerations,
we infer that in our case thranisotropyand theemperature
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 i€ 0)
direction has an energy barrigr = 0.28 eV (in-channel
jump), while for the corresponding process along(thd )
direction, = 0.38 eV (cross-channel exchange); among
the interlayer processes, the jump dow{i E) step (jump

900 A descent) has an energy barrierf = 0.35 eV, signifi-
FIG. 3. Two successive images of the same sample zone (§antly less than the corresponding process @0a) step
being acquired about 140 min after (a). The sputtering condi{exchange descend, = 0.56 eV. Despite the absolute

tions areTs = 300 K, E; = 1 keV,® = 0.035 ML sin"', and  values, the calculation reported in [12] establishes a pre-

¥ =32 ML. cise hierarchy for the predominant diffusion process at a

fixed temperature.

two images of the Ag(110) crystal after ion sputtering By means of these results, we can explain our observa-
in the following conditions:Ts = 300 K, E; = 1 keV, tionasfollows: (a) Atlow temperatur¢®ss < 250 K), the
4 =0° ¥ =105 ML, but at different fluxes,® =  dominant process is the in-channel jump: The interlayer
0.035 ML sec™! for 4(a) and® = 0.01 ML sec™! for  mass transport is inhibited or less effective and the surface
4(b). While in 4(a) the ripple structure is well developed morphology does not present any periodicity or structure.
with the channels elongated along the compact directiorQnly the shape of holes and islands recalls the surface
in 4(b) the surface does not present any evidence afymmetry. (b) Wher250 < Ts < 320 K, the interlayer
periodicity, and fewer layers are exposed. diffusion along the&110) direction becomes more and more

A complete analysis of time and temperature evolutionmportant: The two mechanisms (in-channel jump and
of the ripple structure, as well as the ion energy, ion fluxjump descent) act together to create the deep holes
and fluence dependence, will be presented elsewhere [11¢f. Fig. 2(c)] and the “hills and valleys” structures

In order to develop a qualitative model of this phe-[cf. Fig. 2(d)] as the mass redistribution is always along
nomenon, we believe that two observations are fundamerhe (110) direction. (c) Finally, at7Ts > 320 K the
tal: The ripple structure is well oriented along thid0)  interlayer mass transport along tk@01) direction (i.e.,
direction, and it appears only in a restricted temperatur@erpendicular to the channels) is also activated, and the
range. Previous studies on the surface morphology a$urface recovers a smooth morphology.
Cu(001) and Pt(111) after ion sputtering [18—20] clearly From our experimental results, it is not possible to
show that the diffusion processes of adatoms and vacancideduce the real values of the energy barriers involved.
play the major role in determining the surface structureHowever, the ratio between the energy barriers for the
However, in these isotropic faces, no ripple structures haviwvo 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 temperaturss = 250 K and T4 = 320 K,
respectively, a rough evaluation of the ratio can be in-
ferred from the relatioX4 /23 = Ts4/Ts3. From our re-
sults 24/23 = 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:
He Al the instability of the ripple structure at room temperature
FIG. 4. Two images acquired af = 200 K after sputter- :[’:md Its tdep?:dencel or: thte lon ﬂtu}::).l WhIIeF_at 2|0Wt
ing at equal fluence (10.5 ML) but at different ion fluxes, {€MPerature the ripple structure is stable (see Fig. 2), a
0.035 ML sec™!' (a) and 0.01 ML sec™! (b), respectively. room temperature the surface is smoothened significantly
Ts =300 KandE; = 1 keV. on a time scale of an hour (see Fig. 3): According to
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