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Time evolution of the local slope during Cy110) ion sputtering
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The time evolution of the morphology of the @0 surface during ion sputtering has been studieslitu
and in real time by x-ray-based techniques. The surface was bombarded wiibmsrat 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 alond thk0) direction evolve in a different way from those
along(001).

DOI: 10.1103/PhysRevB.68.094102 PACS nuni§er68.55.Jk, 68.37%d, 61.10i

The possibility to nanopattern a nonmetallic surface bying (GISAXS). The sample was also characterized by the
means of ion sputtering has been extensively studied in reneasurement of the crystal truncation ré@3 R) for the two
cent years, since this method offers a simple way to creatmequivalent high-symmetry surface directions. GISAXS
periodic morphologied7® the method can have also techno- spectra provide information on the correlation of surface
logical relevance regarding the production of microelectroniadensity fluctuations and thus the long-range morphological
devices, as demonstrated in Refs. 4 and 5. Generally, therder as reported in Ref. 14. CTR are due to the truncation of
structures are interpreted to be interface instabilities causeiie lattice induced by the surface. They are always normal to
by Sputtering erosion which Competes with slow surface dif.the surface and their dependence on the vertical-momentum
fusion. Also in metals, regular structures can be prodiced transfer gives information on the structural properties of ter-
but in this case surface atomic diffusion biased by anminating layers and allows the determination of the slope of
Ehrlich-Schwoebel barrier at descending steps might beconfée structure facets,
the leading process responsible for the structure formation. Measurements were carried out at the IDO3 beamline of
The surface symmetry forces the resulting morphology, leadthe European Synchrotron Radiation Facility in Grenoble,
ing to hexagonal pits in P111) (Ref. 7) and Au111) (Ref. 8 France. This beamline is devoted to surface x-ray-diffraction
or square holes in AgQDO1) (Ref. 9 and Cy001).1%'*In the =~ Measurements and is equipped with a large six-circle diffrac-

case of anisotropic surfaces, the asymmetry in surface diffitometer COl{F;'()E?d to aléJHV chamber with a base pressure of
sion induces the formation of characteristic ripplelike @bout Ix 10"~ mbar.” The sample holder is connected to a

structured? liquid-nitrogen flow cryostat to cool the sample down to a
The majority of these experiments have been done byninimum of 120°K. The sample was mounted on a boron
scanning tunneling microscopy, a method which, howeverhitride heater and the temperature was controlled by a ther-
does not allow to follow the evolution of the morphology =~ mocouple in contact with the sample. The accuracy of the
real time x-ray diffraction overcomes this limitation, since sample temperature was5 K. The Cy110) surface had a
data can be taken during the ion etching process. miscut from the nominal surface of less 0.1°. The surface
In a recent experimeh’twe demonstrated that it is pos- was prepared by several cycles of sputtering and annealing at
sible to measure by x ray the local slope and the periodicity’50 K for 5 min, with the procedure repeated before each
of the nanostructures induced by ion sputtering in the case dfputtering experiment. A Varian ion gun provided a constant
Ag(110. In the present experiment, we apply the sameAr " -ion current of 5uA/cm?, corresponding to an ion flux
method to C(110) but with a different scattering geometry: ® of 0.015 ML/sec (1 MI=8.44x 10" ion/cnr).
now the ion beam impinges on the surface in an asymmetric The Cy110) surface is anisotropic in nature: close-packed
way, i.e., out of the plane determined by the surface normaiows of atoms run alongl—10), whereas in th€001) direc-
and a principal surface directid100) or (1—10)). Follow- tion the interatomic distance & times the nearest-neighbor
ing the time evolution of the local slope along the two prin-distances. The unit cell is given b;, A,, Az which are
cipal surface directions, we want to understand how the sysparallel to the(1-10), (001, and(110 directions, respec-
tem develops until a well-defined slope is gained and if thdively, with A;=A3;=0.2556 nm, andA,=0.3615 nm. The
sputtering geometry has some influence on the final moreorresponding reciprocal-lattice directions are designed as
phology. We measured the time dependence of the forwartl, K, andL, respectively. Bulk Bragg reflections are found
scattering using grazing incidence small-angle x-ray scatteat (H,K,L) values withL=1,3,5,... orL=0,2,4,..., depend-
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FIG. 1. Collection of scans acquired in GISAXS geometry at §
different sputtering times. . i
ing on whetheH andK have the same or different parities. ] g

As is customary in surface x-ray diffraction, the values
denote the perpendicular momentum transfer and are col b) K-scans
tinuously varying along the so-called crystal truncation rods.

With respect to a previous experiment on(Ag0),' we FIG. 2. Time evolution of the periodicity seen by an x-ray beam
changed the sputtering geometry: the scattering plane of thidong the two principal directionga) H scans;(b) K scans. FoK
x rays is defined by the surface normal and another principadcans andH scans the detector is moved along the x-ray beam
surface direction(100 or (1—10)), but now the ion beam aligned along thé1—10) or (001) direction, respectively.
forms with it an angley of 23° and an angle=36° with
respect to the surface normal. We have chosen this geomettfjis analysis is shown in Fig. 2 for three different tempera-
in order to check if there is any effect of ion-beam alignmenttures and foH scans an& scangin K scans, the detector is
on the shape of the nanostructures induced on the surface. Agoved along the(100) direction, with the x-ray beam
described below, this geometrical arrangement of the iomligned along th&1—10) direction.
beam changes the results significantly. At 180 K, only H scans show the satellite peaks, indicat-

As a general overview of the results, we found that theing the formation of ripples having the crests along ¢b@0)
system changes from a ripple morphology along ¢h@0)  direction[in the following, we refer to this morphology as
direction at lowerT, to a mound structure at intermediate low-temperature rippleéLTR)]. Increasing the temperature,
temperatures, to again reach a ripple structure alonpothH andK scans reveal lateral peaks, proving the forma-
(1-10) at higher T, in complete analogy to previous tion of periodicity along the two directions and then the for-
observation$?*3 However, this experiment produced new mation of mounds. We refer to this geometry as
information about the time evolution of the system and thentermediate-temperature mound3M). Along both direc-
local slopes under nonsymmetric sputtering conditions. tions, the spatial periodicity increases with temperatime

In Fig. 1 we show GISAXS spectra taken at 180 K. Themore than a factor of 4 foH scan$, moreover, the wave-
spectra show the variation of the specular beam intensity dength increases with the ion dode=®t (t is the sputtering
the (000.6 reciprocal-lattice point moving the detector time) following a power law\ ~W#, but 3 lowers with tem-
along the(1—10) direction, while the x-ray beam is aligned perature:3=0.13, 0.08, and 0.05 fod scans at 180, 220,
along the{(100 surface directior(in the following, we call and 250 K, respectively. FOX scans a power law is well
theseH scang. The spectra were collected continuously dur-defined only afT=250 K (8=0.17), but not aff =220 K.
ing sputtering with an acquisition time for a single scan ofAt higher temperatures, the high-temperature rippldR)
about 100 sec. Two side peaks which move towards thghase(i.e., ripples aligned alongl—10)) is present, but the
specular peak with sputter time are clearly resolved. Froninstrument resolution was not sufficient to allow a quantita-
the position of the two peaks, it is possible to calculate theive analysis.
modulation perioch =27/, whereq,, is the distance to the In order to follow in real time the evolution of the facet
center of the satellite from the diffraction peak. The result ofslope of the nanostructures, we recorded subsequent rocking
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scans at thg100.6 or (010.6 points in the reciprocal
lattice. Some of these scans are shown in Figh&ttom
pane). . FIG. 4. Evolution of the local facet slope vs ion dose at 180 K,
After some time, two clearly resolved peaks appear on theyg k., and 250 K.
sides of the specular peaks. As mentioned before, in this
experiment the ion beam impinges on the surface in a noneaching an equilibrium value of about 10° on the | side and
symmetrical geometry, as schematically described in the tog° on the D side. AT =220 K, the ITM phase is presert
panel of Fig. 3. From this geometry, we can define two dif-andK scans present well-resolved lateral peaks. In this con-
ferent sides of the ripple structure: one is “illuminated” di- dition, the situation is drastically changed with respect to
rectly by the beantside I), while the other is in the “dark” LTR: along K the slope is almost the same for both sides
region of the beaniside D. From the experimental setup, in within experimental error and remains constant in time
the scans reported in Fig. 3, bottom panel, we can assign thslope selectioh alongH, the difference is now about 5°
left peak (with respect to the central Bragg on® the D and a slow increase can be observed for both sidesl At
side, while the right corresponds to the | side. Already by=250 K, we are again in an ITM condition, but the behavior
visual inspection, one can see that the satellite peaks have changed again: the facets aloigare equal, but they
asymmetric splitting, indicating that the ripple facets areevolves to gain an equilibrium value of about 9°; the facets
adopting two inequivalent slopes. From the position of thealongH present a difference of about 3° which also remains
two satellites peaks, we can calculate the local sldge 9, nearly the same after a long time.
of the facets, since the satellite splitting is linearly dependent The results presented above show that{1@0), when
on the value oL [cf. Fig. 3b in Ref. 13 sputtered with energetic ions, organizes itself in ordered
Collecting many scans at a typical time interval of 100 nanostructures. The observed transition between different
sec, we were able to plot the local slope of the facets as phases (LTR+-ITM —HTR) is similar to that observed in
function of sputtering time. The results are presented in FigAg(110),*2 obviously in a different temperature range since
4 for three different temperatures. the activation energy for the diffusion processes is different
The time evolution of the local slope is dependent on thebetween the two materials. However, the real-time observa-
sputtering temperature. At=180 K (LTR phasg¢ only scans tion of the slope evolution indicates that the nanostructuring
along theH direction reveal the presence of a lateral peakprocess evolves in a complicated way.
The LTR phase is strongly asymmetric: the ripple side | is The first result is that only after an argon dose of 20—25
very steep at the beginnin@bout 20°) while for the oppo- ML does the system reache an equilibrium shape, indepen-
site face the slope is a factor-of 10-lower. Increasing the iordently of temperature. On the contrary, at the beginning of
dose, the nanostructure evolves into a more regular shapthe sputtering process, a marked anisotropy in the shape of
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nanostructures has been observed. Remarkable is the obs#re range of 1-100 ML of deposited copper. Also, computer
vation that at low temperature, the two sides evolve in opposimulationé®~22 show a relevant increase in the slope as a
site directions(cf. Fig. 4. An asymmetry in the shape of a function of the deposited material and in Ref. 20 it is also
ripple_structure has been recently reported by Umbacheported that at low temperature the slope can decrease, in
etal’ in the case of Sigx they fitted the data obtained in qualitative agreement with our result at 180 K. We notice
GISAXS experiments by using a triangular profile with two that also a different model, which takes into account the
different base angles. However, in their model, the steepe&jependence of the Ehrlich-Schwoebel barrier on the terrace
side is the D side, contrary to our observa_tlons; MOreovelgize produces a slope evolution in agreement with the pre-
the authors do not report on the time evolution of the shape;anted result?’

but only discuss the morphology at equilibrium. In our case, - giarting from different continuum equations, in recent
we suggest that the asymmetry is mainly due to the sputte years many authors investigated the time evolution of ion-

Ing geometry: in our previous experiments, in which the 0N uttered surface®r equivalently the time evolution of the
beam was in the x-ray scattering plane, we never observ’eigf

h an asvmmetry. Our hvbothesis is that the present rowth front in deposition experiment&=?® In this ap-
such an asymmetry. ©ur nypothesis 1S that the present geo roach, the surface morphology is described by a continuum
etry unbalances the competition between erosion and dlffuf-

sion, favoring a different mass transport in the two sides. Th unction which changes in time in a complicated way due to
; favoring P 0 SI0€S. TN presence of nonlinear terms in the equations. We cannot
effective incident flux on the two facets | and D is different

. compare in this paper our results with these models in more
due to the different local slopes: for example, fép=>5° b pap

) detail, but many aspects of our findinghe transition be-
and ¥,= 10° (two typical values for the base anglemd for iff h ith he i u-
5=136°, it results ind,=1.4D, where® indicates the ion tween different phases with temperature and the time evolu

. : tion of the local slopg are in qualitative agreement with
flux. Since the rate of production of surface defdetcancy Pe g 9
. . ; these results.
and adatomsis proportional to the effective flux, a 40%

aiff g cant in th t ; t on th Finally, we want to emphasize that both in GISAXS and
fallct;rence IS important in the net mass transport on e SUieTr scans the lateral shoulder appears at different times

. . (i.e., dosesfor K andH scangfor example, see Fig.)3This
th ?part f[)om thg asymmtetr)t/, tlhe othe;r |_mporta|1t_rtes(;JI: ISclearly indicates different times in the self-organization of
at we observed a constant slope only In a restricted tey, . surface, probably related to the different energies to cre-
perature range, around 220 K. Out of this range, the loc

2 S .. ate steps along one or other surface direction.
slope evolves in time for both surface directions, until it P g

h libri lue. In oth d bl In conclusion, we have demonstrated that{1@), bom-
reaches an equilibrium vajue. in other words, we Were ablg, qq by energetic ions, organizes itself in ordered nano-
to measure the time the system needs to reach the slo

Rfructures. While the periodicity evolves in time, following a

selection. S_uch a be_havior must b_e related to the microscopgmple power law, the shape changes, gaining an equilibrium
processes_mvolved in the sputtering process. We know thqgrm which is temperature dependent. This change is not
lon sputtering produces vacancy and adatom clusters aroun lly understood, but it is surely related to the microscopic

th.e ion impact point? In this light, we compare our results processes of the surface defe@tacancies and adatoirsro-
with those reported from growth experiments and S'mU|a'duced by the ions

tions.
Slope evolution in time has been observed in epitaxial This work was supported by a grant from INFIRURS
deposition of Cu on Q@00):!° the average slope doubles in projec).
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