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Time evolution of the local slope during Cu„110… ion sputtering
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The time evolution of the morphology of the Cu~110! surface during ion sputtering has been studiedin situ
and in real time by x-ray-based techniques. The surface was bombarded with Ar1 ions at an energy of 1 keV
in the temperature range 100–320 K; the ion incidence angle was set out of the x-ray scattering plane in order
to induce asymmetric nanostructures. The results show that the ripples or mounds formed by the ion sputtering
evolve in time, changing the spatial periodicity and the local slope of the facets. The latter is strongly
dependent on temperature; moreover the facets along the^1210& direction evolve in a different way from those
along ^001&.
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The possibility to nanopattern a nonmetallic surface
means of ion sputtering has been extensively studied in
cent years, since this method offers a simple way to cre
periodic morphologies;1–3 the method can have also techn
logical relevance regarding the production of microelectro
devices, as demonstrated in Refs. 4 and 5. Generally,
structures are interpreted to be interface instabilities cau
by sputtering erosion which competes with slow surface
fusion. Also in metals, regular structures can be produc6

but in this case surface atomic diffusion biased by
Ehrlich-Schwoebel barrier at descending steps might bec
the leading process responsible for the structure format
The surface symmetry forces the resulting morphology, le
ing to hexagonal pits in Pt~111! ~Ref. 7! and Au~111! ~Ref. 8!
or square holes in Ag~001! ~Ref. 9! and Cu~001!.10,11 In the
case of anisotropic surfaces, the asymmetry in surface d
sion induces the formation of characteristic rippleli
structures.12

The majority of these experiments have been done
scanning tunneling microscopy, a method which, howev
does not allow to follow the evolution of the morphologyin
real time. x-ray diffraction overcomes this limitation, sinc
data can be taken during the ion etching process.

In a recent experiment13 we demonstrated that it is pos
sible to measure by x ray the local slope and the periodi
of the nanostructures induced by ion sputtering in the cas
Ag~110!. In the present experiment, we apply the sa
method to Cu~110! but with a different scattering geometry
now the ion beam impinges on the surface in an asymme
way, i.e., out of the plane determined by the surface nor
and a principal surface direction~^100& or ^1210&!. Follow-
ing the time evolution of the local slope along the two pr
cipal surface directions, we want to understand how the s
tem develops until a well-defined slope is gained and if
sputtering geometry has some influence on the final m
phology. We measured the time dependence of the forw
scattering using grazing incidence small-angle x-ray sca
0163-1829/2003/68~9!/094102~5!/$20.00 68 0941
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ing ~GISAXS!. The sample was also characterized by t
measurement of the crystal truncation rods~CTR! for the two
inequivalent high-symmetry surface directions. GISAX
spectra provide information on the correlation of surfa
density fluctuations and thus the long-range morpholog
order as reported in Ref. 14. CTR are due to the truncatio
the lattice induced by the surface. They are always norma
the surface and their dependence on the vertical-momen
transfer gives information on the structural properties of t
minating layers and allows the determination of the slope
the structure facets.15

Measurements were carried out at the ID03 beamline
the European Synchrotron Radiation Facility in Grenob
France. This beamline is devoted to surface x-ray-diffract
measurements and is equipped with a large six-circle diffr
tometer coupled to a UHV chamber with a base pressur
about 1310210 mbar.16 The sample holder is connected to
liquid-nitrogen flow cryostat to cool the sample down to
minimum of 120 °K. The sample was mounted on a bor
nitride heater and the temperature was controlled by a t
mocouple in contact with the sample. The accuracy of
sample temperature was65 K. The Cu~110! surface had a
miscut from the nominal surface of less 0.1°. The surfa
was prepared by several cycles of sputtering and annealin
750 K for 5 min, with the procedure repeated before ea
sputtering experiment. A Varian ion gun provided a const
Ar1-ion current of 5mA/cm2, corresponding to an ion flux
F of 0.015 ML/sec (1 ML58.4431014 ion/cm2).

The Cu~110! surface is anisotropic in nature: close-pack
rows of atoms run alonĝ1210&, whereas in thê001& direc-
tion the interatomic distance is& times the nearest-neighbo
distances. The unit cell is given byA1 , A2 , A3 which are
parallel to the^1210&, ^001&, and ^110& directions, respec-
tively, with A15A350.2556 nm, andA250.3615 nm. The
corresponding reciprocal-lattice directions are designed
H, K, andL, respectively. Bulk Bragg reflections are foun
at (H,K,L) values withL51,3,5,... orL50,2,4,..., depend-
©2003 The American Physical Society02-1
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ing on whetherH andK have the same or different paritie
As is customary in surface x-ray diffraction, theL values
denote the perpendicular momentum transfer and are
tinuously varying along the so-called crystal truncation ro

With respect to a previous experiment on Ag~110!,13 we
changed the sputtering geometry: the scattering plane o
x rays is defined by the surface normal and another princ
surface direction~^100& or ^1210&!, but now the ion beam
forms with it an angleg of 23° and an angled536° with
respect to the surface normal. We have chosen this geom
in order to check if there is any effect of ion-beam alignme
on the shape of the nanostructures induced on the surfac
described below, this geometrical arrangement of the
beam changes the results significantly.

As a general overview of the results, we found that
system changes from a ripple morphology along the^100&
direction at lowerT, to a mound structure at intermedia
temperatures, to again reach a ripple structure al
^1210& at higher T, in complete analogy to previou
observations.12,13 However, this experiment produced ne
information about the time evolution of the system and
local slopes under nonsymmetric sputtering conditions.

In Fig. 1 we show GISAXS spectra taken at 180 K. T
spectra show the variation of the specular beam intensit
the ~0 0 0.6! reciprocal-lattice point moving the detecto
along thê 1210& direction, while the x-ray beam is aligne
along the^100& surface direction~in the following, we call
theseH scans!. The spectra were collected continuously d
ing sputtering with an acquisition time for a single scan
about 100 sec. Two side peaks which move towards
specular peak with sputter time are clearly resolved. Fr
the position of the two peaks, it is possible to calculate
modulation periodl52p/qp whereqp is the distance to the
center of the satellite from the diffraction peak. The result

FIG. 1. Collection of scans acquired in GISAXS geometry
different sputtering times.
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this analysis is shown in Fig. 2 for three different temper
tures and forH scans andK scans~in K scans, the detector is
moved along the^100& direction, with the x-ray beam
aligned along thê1210& direction!.

At 180 K, only H scans show the satellite peaks, indica
ing the formation of ripples having the crests along the^100&
direction @in the following, we refer to this morphology a
low-temperature ripples~LTR!#. Increasing the temperature
both H andK scans reveal lateral peaks, proving the form
tion of periodicity along the two directions and then the fo
mation of mounds. We refer to this geometry a
intermediate-temperature mounds~ITM !. Along both direc-
tions, the spatial periodicity increases with temperature~by
more than a factor of 4 forH scans!; moreover, the wave-
length increases with the ion doseC5Ft (t is the sputtering
time! following a power lawl'Cb, butb lowers with tem-
perature:b50.13, 0.08, and 0.05 forH scans at 180, 220
and 250 K, respectively. ForK scans a power law is wel
defined only atT5250 K (b50.17), but not atT5220 K.
At higher temperatures, the high-temperature ripple~HTR!
phase~i.e., ripples aligned alonĝ1210&! is present, but the
instrument resolution was not sufficient to allow a quanti
tive analysis.

In order to follow in real time the evolution of the face
slope of the nanostructures, we recorded subsequent roc

t

FIG. 2. Time evolution of the periodicity seen by an x-ray bea
along the two principal directions:~a! H scans;~b! K scans. ForK
scans andH scans the detector is moved along the x-ray be
aligned along thê1210& or ^001& direction, respectively.
2-2
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scans at the~1 0 0.6! or ~0 1 0.6! points in the reciproca
lattice. Some of these scans are shown in Fig. 3~bottom
panel!.

After some time, two clearly resolved peaks appear on
sides of the specular peaks. As mentioned before, in
experiment the ion beam impinges on the surface in a n
symmetrical geometry, as schematically described in the
panel of Fig. 3. From this geometry, we can define two d
ferent sides of the ripple structure: one is ‘‘illuminated’’ d
rectly by the beam~side I!, while the other is in the ‘‘dark’’
region of the beam~side D!. From the experimental setup, i
the scans reported in Fig. 3, bottom panel, we can assign
left peak ~with respect to the central Bragg one! to the D
side, while the right corresponds to the I side. Already
visual inspection, one can see that the satellite peaks h
asymmetric splitting, indicating that the ripple facets a
adopting two inequivalent slopes. From the position of
two satellites peaks, we can calculate the local slopeqD , q I
of the facets, since the satellite splitting is linearly depend
on the value ofL @cf. Fig. 3b in Ref. 13#.

Collecting many scans at a typical time interval of 1
sec, we were able to plot the local slope of the facets a
function of sputtering time. The results are presented in F
4 for three different temperatures.

The time evolution of the local slope is dependent on
sputtering temperature. AtT5180 K ~LTR phase! only scans
along theH direction reveal the presence of a lateral pe
The LTR phase is strongly asymmetric: the ripple side I
very steep at the beginning~about 20°) while for the oppo
site face the slope is a factor-of 10-lower. Increasing the
dose, the nanostructure evolves into a more regular sh

FIG. 3. Collection of scans acquired along the rocking curve
the ~1 0 0.6! point in reciprocal space.
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reaching an equilibrium value of about 10° on the I side a
7° on the D side. AtT5220 K, the ITM phase is present:H
andK scans present well-resolved lateral peaks. In this c
dition, the situation is drastically changed with respect
LTR: along K the slope is almost the same for both sid
within experimental error and remains constant in tim
~slope selection!; along H, the difference is now about 5
and a slow increase can be observed for both sides. AT
5250 K, we are again in an ITM condition, but the behav
is changed again: the facets alongK are equal, but they
evolves to gain an equilibrium value of about 9°; the fac
alongH present a difference of about 3° which also rema
nearly the same after a long time.

The results presented above show that Cu~110!, when
sputtered with energetic ions, organizes itself in orde
nanostructures. The observed transition between diffe
phases (LTR→ITM→HTR) is similar to that observed in
Ag~110!,13 obviously in a different temperature range sin
the activation energy for the diffusion processes is differ
between the two materials. However, the real-time obse
tion of the slope evolution indicates that the nanostructur
process evolves in a complicated way.

The first result is that only after an argon dose of 20–
ML does the system reache an equilibrium shape, indep
dently of temperature. On the contrary, at the beginning
the sputtering process, a marked anisotropy in the shap

t

FIG. 4. Evolution of the local facet slope vs ion dose at 180
220 K, and 250 K.
2-3
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nanostructures has been observed. Remarkable is the o
vation that at low temperature, the two sides evolve in op
site directions~cf. Fig. 4!. An asymmetry in the shape of
ripple structure has been recently reported by Umb
et al.17 in the case of SiO2 : they fitted the data obtained i
GISAXS experiments by using a triangular profile with tw
different base angles. However, in their model, the stee
side is the D side, contrary to our observations; moreo
the authors do not report on the time evolution of the sha
but only discuss the morphology at equilibrium. In our ca
we suggest that the asymmetry is mainly due to the spu
ing geometry: in our previous experiments, in which the i
beam was in the x-ray scattering plane, we never obse
such an asymmetry. Our hypothesis is that the present ge
etry unbalances the competition between erosion and d
sion, favoring a different mass transport in the two sides. T
effective incident flux on the two facets I and D is differe
due to the different local slopes: for example, forqD55°
andq I510° ~two typical values for the base angles! and for
d536°, it results inF I>1.4FD whereF indicates the ion
flux. Since the rate of production of surface defects~vacancy
and adatoms! is proportional to the effective flux, a 40%
difference is important in the net mass transport on the
face.

Apart from the asymmetry, the other important result
that we observed a constant slope only in a restricted t
perature range, around 220 K. Out of this range, the lo
slope evolves in time for both surface directions, until
reaches an equilibrium value. In other words, we were a
to measure the time the system needs to reach the s
selection. Such a behavior must be related to the microsc
processes involved in the sputtering process. We know
ion sputtering produces vacancy and adatom clusters aro
the ion impact point.18 In this light, we compare our result
with those reported from growth experiments and simu
tions.

Slope evolution in time has been observed in epitax
deposition of Cu on Cu~100!:19 the average slope doubles
.
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the range of 1–100 ML of deposited copper. Also, compu
simulations20–22 show a relevant increase in the slope as
function of the deposited material and in Ref. 20 it is al
reported that at low temperature the slope can decreas
qualitative agreement with our result at 180 K. We noti
that also a different model, which takes into account
dependence of the Ehrlich-Schwoebel barrier on the terr
size, produces a slope evolution in agreement with the p
sented results.27

Starting from different continuum equations, in rece
years many authors investigated the time evolution of i
sputtered surfaces~or equivalently the time evolution of the
growth front in deposition experiments!.23–26 In this ap-
proach, the surface morphology is described by a continu
function which changes in time in a complicated way due
the presence of nonlinear terms in the equations. We ca
compare in this paper our results with these models in m
detail, but many aspects of our findings~the transition be-
tween different phases with temperature and the time ev
tion of the local slope! are in qualitative agreement wit
these results.

Finally, we want to emphasize that both in GISAXS a
CTR scans the lateral shoulder appears at different tim
~i.e., doses! for K andH scans~for example, see Fig. 3!. This
clearly indicates different times in the self-organization
the surface, probably related to the different energies to
ate steps along one or other surface direction.

In conclusion, we have demonstrated that Cu~110!, bom-
barded by energetic ions, organizes itself in ordered na
structures. While the periodicity evolves in time, following
simple power law, the shape changes, gaining an equilibr
form which is temperature dependent. This change is
fully understood, but it is surely related to the microscop
processes of the surface defects~vacancies and adatoms! pro-
duced by the ions.

This work was supported by a grant from INFM~PURS
project!.
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