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he design and development of novel

and reproducible strategies for

nano- and microscale patterning of
material surfaces has become one of the
most relevant topics in emerging nanotech-
nology.' Nanofeatures synthesized on solid
surfaces hold promise for unprecedented
functionality. In order to achieve this goal,
many patterning methods with different
degrees of accuracy have been developed
during the past decade.? One alternative to
the conventional hard lithographic tech-
niques for patterning materials, soft lithog-
raphy, has provided many simple routes to
fabricate different types of architectures in a
simple and effective way.?

One of the key points in nanopattern-
ing is related to the shape evolution of the
small structures and how different physical
processes, such as surface diffusion, surface
tension, and deposition rate, or topographi-
cal features, such as small defects on the
substrate, could affect their shape and sta-
bility. In fact, if we want to exploit the po-
tential of nanostructured systems, first, we
need a thorough understanding of the cre-
ation and evolution of geometrical features
at this level. However, understanding fun-
damental phenomena leading to the forma-
tion, stability, and morphological evolution
of nanoscale features is still lacking since, as
dimensions shrink into the nanoscale, many
classical macroscopic models for morpho-
logical evolution lose their validity.*

Miniaturization of technologies highlights
special approaches such as self-organization
of nanostructures. In particular, self-
organized nanoripples have attracted consid-
erable attention not only due to interesting
physical properties related to their anisotropy
but also as templates for growing other spe-
cific nanostructures.®
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ABSTRACT Nanoripple structures spontaneously formed at room temperature during chemical and

electrochemical deposition of metals, semiconductors, and alloys on gold and copper templates, patterned with

nanocavities, have been studied by atomic force microscopy (AFM) and scanning tunneling microscopy (STM).

Annealing the templates at ~373 K also results in ripple formation. Both experimental results and modeling,

including anisotropic surface diffusion, demonstrate that nanocavity size in the template determines the ripple

wavelength and amplitude, prior to a final stage of coarsening. Therefore, an ordered array of “nanodefects”

introduced in the substrate is able to guide the self-organization of these nanofeatures during their growth,

creating the possibility for nanofabrication of parallel interconnections with adjustable periodicity. Ripples are

robust nanostructures that can in turn be used as templates for the preparation of hybrid nanostructured surfaces

with specific physical properties.

KEYWORDS: nanofabrication -
nanoripples - surface diffusion

templates -

Ripple formation has been reported dur-
ing deposition of different materials: Si by
molecular beam epitaxy (MBE) and vapor
phase epitaxy on Si(001),° GaAs by MBE and
metal organic chemical vapor deposition
on GaAs(110)”~° and on GaAs(001),"®"" InP
on InP by metal-organic MBE,'? and (211)
CdTe on Si by MBE."® Anisotropic surface
diffusion of atoms has been considered as
the main contribution for ripple formation
in these systems. Ripple formation has also
been reported on sputtered Si(001),"*
Ge(001),"> Au(111),"® Cu(110),"” Ag(110),'®
and Al thin films."® A continuum equation,
which includes both surface curvature-
dependent erosion and diffusion terms, ac-
counting for surface anisotropy and
Ehrlich—Schwoebel barriers, has been pro-
posed to explain the observed
morphologies.'”?°

Recently, we have studied silver elec-
trodeposition on metallic templates with or-
dered arrays of nanocavities.?' In this case,
the nanocavities act as reactors where
nucleation starts to form silver nanodots.
However, further addition of small amounts
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Figure 1. Three-dimensional AFM image (1 X 1 um?, pitch 60°)
of a polycrystalline Au template. Inset on the top: fast Fourier
transformation (FFT) of the corresponding 2D image. Inset on
the bottom: 3D AFM image (75 X 75 nm?, pitch 30°) of the
nanocrystals at the template surface.

of material produces self-organization to a ripple struc-
ture that coarsens with time.

Here, we demonstrate that the formation of rippled
structures is also a general phenomenon when metals,
alloys, and semiconductors are deposited by different
chemical methods (chemical reaction, electrochemistry)
on ordered arrays of surface defects such as nanocavi-
ties. We also show that anisotropic surface diffusion ac-
counts for the formation of well-ordered ripples extend-
ing over several microns.

Figure 2. Two-dimensional images (2 X 2 pm?) of rippled structures grown
on nanostructured templates and their corresponding FFT. (a) STM, elec-
trodeposited Cu on a Au template; (b) AFM, electrodeposited Ag on a Au
template; (c) STM, electrodeposited NiFeCo alloy after detachment from
the Au template; (d) AFM, chemically formed Cu$S on a Cu template.
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RESULTS AND DISCUSSION

Experimental Results. A typical AFM image of the metal
templates used in this work, that is, the face of the de-
posit which was in contact with the silicon master sur-
face,?? reveals nanocavities of ~45 nm in diameter and
6 nm in depth (Figure 1).2*> The Fourier transform of
the image (Figure 1, top inset) is consistent with a ran-
dom array of defects with a short-range order of ~48
nm. AFM images at higher resolution (Figure 1, bottom
inset) show that the template surface is formed by
small grains of 10—20 nm in size.

Typical AFM images and the corresponding Fourier
transforms of the rippled structures formed by deposi-
tion for four different systems (a—d) are shown in Fig-
ure 2. The ripple wavelength is ~50 nm with average
amplitude of 4 nm, indicating a close relation with the
nanocavity dimensions present in the template. In fact,
the Fourier periods shown in Figure 2 are consistent
with the ripple wavelength. Ripple formation starts si-
multaneously everywhere on the surface. Bifurcations
are observed where out-of-phase ripples meet those
originated at different locations. In all cases, the rippled
structures were stable at room temperature during
weeks, as observed for other metallic ripples.'®

Evidence of how ripples are formed on these sub-
strates is shown in Figure 3a for the copper sulfide for-
mation on a copper template (system d). As recently re-
ported for this system,?® the nanocavities act as
preferred nucleation centers of CuS nanocrystals that fi-
nally emerge from the cavities (circle in Figure 3a). At
this stage, the nanocavities efficiently act as nanoreac-
tors. However, with further material addition, the
nanocrystals start to elongate in a preferred direction,
as clearly shown in the STM image (arrow in Figure 3a).
Finally, they merge forming ripples (Figure 2d).

Figure 3b shows how electrodeposited ripples
evolve in system (b), as more mass is deposited when
the deposition potential changes from E = —0.02 to
—0.04 V (vs Ag*/Ag). We observe that the ripple wave-
length increases from 59 to 80 nm, concurrent with a
slight increase in amplitude from 3 to 5 nm.

From these figures, it is evident that the aspect ra-
tio changes from 0.05 to 0.06; therefore, the ripple for-
mation can be described as a quasi-2D process involv-
ing the following stages: (1) preferred nucleation at
nanocavities leading to nanodots, (2) ripple formation
by merging of nanodots, with initial wavelength and
amplitude being determined by the nanocavity size,
and (3) ripple growth, resulting mainly in wavelength
increase.

Important conclusions can be drawn from the im-
ages shown in Figure 3. The first one is that the nano-
dots are stable only in a narrow range of time, mass, or
temperature. In fact, we also observe that even the ar-
ray of gold nanocavities transforms into well-defined ar-
rays of ripples after annealing at T = 384 K during 1 h
(Figure 3c). The second one is that these nanoripples
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are robust structures at room temperature that can be
used as templates for large-scale production of meso-
scale aligned nanostructures with adjustable
periodicity.*?* Finally, the fact that annealing the tem-
plate at relatively low temperatures induces the nano-
cavities to transform into ripples strongly indicates that
surface diffusion plays a relevant role in this process.

Recently, we have shown?' that the surface free en-
ergy of an array of circular structures is larger than that
of an array of stripes with similar mass and diameter
when the surface coverage by the circular structures
reaches a critical value of ~1/3. This is the driving force
for the transition from nanodots to nanoripples ob-
served during our deposition process. However, ther-
modynamics cannot explain the preferred orientation
of the ripples over micron distances. Therefore, kinetic
considerations should be involved in the self-
organization of these systems. In this sense, we have
implemented a two-dimensional lattice-gas model to
simulate particle diffusion on a surface decorated with
defects. Such defects mimic the nanocavities existing
on the gold or copper templates in the experimental
counterpart. Eventually, these defects can turn into
preferential nucleation centers. As was pointed out
above, results concerning template annealing imply
that surface diffusion plays a main role in our system.
As surface diffusion is an intrinsically conservative pro-
cess, we have implemented conservative dynamics in
our modeling. Note that other possible nonconserva-
tive processes are not expected to have an important
contribution to the kinetic evolution. For instance,
evaporation is not included in our model because it
does not play a significant role at room
temperature.?®?’

It is evident that such a model does not attempt to
describe closely the real experimental situation since it
has been implemented by means of a simple dynamic
rule on a two-dimensional substrate. Nevertheless, the
use of a 2D model can be considered a reasonable ap-
proximation because the aspect ratio of the nanostruc-
tures, as discussed above, is small enough and only in-
creases slightly with the depositing mass. Moreover,
note that as it has been reported in ref 21, ripple forma-
tion was observed only after filling the nanocavities of
the template. We will show that, in spite of its simplic-
ity, a careful analysis of the model will be useful to un-
derstand several phenomena, such as the role of aniso-
tropic surface diffusion in the formation of ripples and
the influence of nanocavity geometry on the morphol-
ogy of ripples from a qualitative point of view. Model
details will be given in the following section.

Description of the Model: Let us consider a rectangular
two-dimensional lattice of sizes L, and L, (in lattice
units) along the x and y directions, respectively. On
this two-dimensional array, we define a “matrix of de-
fects” d;, which is a spin-like variable taking only one of

Iy
two possible values: 0 and 1. Conventionally, we will as-
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Figure 3. (a) Three-dimensional STM image (1 X 1 wm?, pitch 60°) of CuS
on a Cu template. The circle indicates preferred nucleation centers that form
the nanodots, and the arrow shows the initial stage of ripple formation. (b)
AFM results for silver electrodeposited on Au nanopatterns at different
deposition potentials: Top: E = —0.02 V (vs Ag*/Ag). Bottom: E = —0.04 V
(vs Ag*/Ag). AFM pictures are shown on the left, while cross-section profiles
are given on the right. Green arrows are helpful to obtain the ripples wave-
length, while red arrows denote the amplitude. Note that in the case of E
= —0.02 V, the wavelength and amplitude are 59 and 3 nm, respectively,
while for E = —0.04 V, the wavelength is 80 nm and the amplitude is 5 nm.
(c) Three-dimensional STM image (1 X 1 um?, pitch 60°) of Au template with
nanocavities after annealing at T = 384 K, the formed ripples have a wave-
length of ~72 nm. Inset: FFT of 2D image corresponding to (c).

VOL.2 = NO. 12 = 2531-2539 = 2008 z%jﬁﬁgkgﬁ\ﬁzz)

1101Ld

2533



sume that d; = 1 implies that the site (i) is on a de-
fect, while d; = 0 corresponds to a nondefect site (iy).
Throughout this work, we have initially considered ma-
trices d;; that correspond to periodic arrays of defects,
such as periodic array of circular defects. We have then
extended our results to random defect distributions.

Over the defect-covered lattices, there are particles
that can diffuse, interacting among each other and in-
teracting also with the substrate and with the defects,
with different strengths. This lattice gas can be de-
scribed, as is usual,”®2° in terms of another spin-like
variable S; that takes the value 1 if the site (i) is occu-
pied, while S; = 0 on empty sites. The interaction
particle—particle, particle—substrate, and
particle—defect are introduced by means of the follow-
ing Hamiltonian:

H=E, > SSmtEY S1—d)+EY Sidy
<i,j,l,m> if if
where <> denotes a nearest neighbor restricted sum,
E,, can be thought as the particle—particle interaction
energy, while E; and E are the particle—substrate and
particle—defect interaction energies, respectively.
Through this work, we have fixed £, = —0.1 eV, E, =
—0.1 eV, and E; = —0.5 eV (of course, negative ener-
gies correspond to attractive interactions); that is, par-
ticles can attach either at defects or elsewhere. Thus,
particles interact strongly with defects, promoting nu-
clei formation at these sites. The nuclei then can grow
by lateral attachment of particles.

The dynamical model rule by which a defect re-
mains a favored attachment site during the whole evo-
lution, even after the original cavity has been filled by
the diffusing species, can be justified in our 2D approxi-
mation if one takes into account that the nuclei edges
provide more coordination for arriving adatoms than
the substrate sites.

The dynamic evolution of the model has been
implemented in the spirit of the so-called “Kawasaki
dynamics”*%3 that is a type of dynamics in which the
total number of particles is conserved, thus becoming
useful to be implemented in lattice-gas systems. In Ka-
wasaki dynamics, the probability amplitude for a transi-
tion from a state ¢; into a configuration ¢, is given by

exp(—AE/2kgT)
exp(—AE/2kgT) + exp(AE/2kgT)

wilc, ¢ =

and, so defined, Kawasaki dynamics satisfy the de-
tailed balance condition for a Boltzmannian equilib-
rium state.

We have incorporated anisotropic diffusion in our
model by introducing a parameter p (0 = p = 1) that
controls diffusion rates in the x and y directions. The
case p = 0.5 corresponds to isotropic diffusion, while p
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< 0.5 (p > 0.5) produces enhanced diffusivity along
the y (x) direction.

From an algorithmic point of view, a diffusion at-
tempt in the model proceeds as follows: A site (i,j) on
the lattice is randomly chosen, and a diffusion direction
is choose with probability p for a diffusion path along
the x direction, while 1 — p is the probability that the
diffusion event takes place along the y direction. Once
the lattice site and the diffusion direction have been
chosen, one of the two nearest neighbors of the site in
the resulting preferred diffusion direction is randomly
selected. If both the selected site is occupied and the se-
lected nearest neighbor site is empty, the diffusion
event takes place. In any other case, the diffusion event
becomes frustrated and a new diffusion attempt is per-
formed. L, X L, diffusion attempts correspond to one
Monte Carlo Step (MCS) that will be used as a time unit
throughout this work. It is worth mentioning that our
model assumes a diffusion-controlled system evolution
in which time scales associated with particle attach-
ment and particle diffusion are decoupled. In this sense,
simulated time measured in MCS is associated with
the surface diffusion process. Although Kawasaki dy-
namics is not a real time scheme, it correctly describes
the long time limit that concerns us.

Numerical Results: In this section, we present results
obtained by a computer implementation of the model
described in the previous section. As has been dis-
cussed in a recent paper,”’ the experimentally ob-
served transition from nanodots into nanoripples can
be understood by thermodynamical considerations
since rippled structures have a lower free energy than
a dotted configuration at intermediate coverages. Nev-
ertheless, experimentally observed ripples have a pre-
ferred orientation; that is, ripple formation implies a
spontaneous symmetry breaking.

To try to understand the possible mechanisms that
promote this symmetry breaking, we have performed
computer simulations on the Monte Carlo model intro-
duced in the previous section. Figure 4 shows snap-
shots corresponding to the configuration of the sys-
tem after an equilibration time of 5.10°> MCS in the case
of isotropic diffusion at 300 K, starting from a random
initial condition and for different values of the coverage
C. It can be seen that for a coverage C = 0.5 (Figure 4,
top) nearly circular clusters and small elongated clusters
coexist in the equilibrium state, while at C = 0.7 (Fig-
ure 4, middle) dots and small elongated clusters begin
to coalesce to form larger structures. When the cover-
age is subsequently increased at C = 0.9 (Figure 4, bot-
tom), the elongated structures are completely intercon-
nected, forming a web, with holes localized in regions
between defects. It is evident from Figure 4 that the
case of isotropic diffusion (p = 0.5) gives rise to elon-
gated structures to same extent (in a statistical sense)
disposed along the x and y directions; so we can con-
clude that isotropic diffusion in our model does not

www.acsnano.org
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Figure 4. Snapshots at different coverages after an equili-
bration time of 5.10°> MCS at 300 K in the case of isotropic dif-
fusion (p = 0.5). The formation of elongated structures with
no preferential orientation is observed. Lattice parameters
are L, = 300, L, = 300, and the defect grid consists of a rect-
angular array of circles of diameter 10 lattice units and cen-
ters separated by 20 lattice units. Axes scales along x and y
directions are linear in the range 0—300 in arbitrary units for
all the simulated snapshots shown throughout this work.

drive the system to any symmetry breaking. Thus, we
consider anisotropic diffusion as a mechanism capable
of explaining the symmetry breaking observed
experimentally.

Spontaneous formation of ripples with a preferen-
tial orientation in the case of anisotropic diffusion (p =
0.2) in the model can be observed in Figure 5. In fact,
starting from an initial random condition at a coverage
C = 0.5, Figure 5 shows snapshots taken at successive
times in the dynamic evolution (corresponding MCS are
indicated below each snapshot). From this sequence, it
is evident that anisotropic diffusion (p = 0.2, diffusion
faster along the y direction) makes the system evolve
from a random configuration into a rippled structure
mostly disposed along the x direction (direction associ-
ated with a slower diffusion rate).

The proposed mechanism of dynamic evolution in
the experimental system, that is, nucleation at nanocav-
ities — growth of nuclei — dot formation — ripple for-
mation — ripple coalescence, can be recovered in our
model by considering equilibrium configurations at dif-
ferent coverages. In this way, we show in Figure 6 snap-
shots at different coverages corresponding to the state
of the system after an equilibration period of 5.10° MCS

www.acsnano.org

80000 MCS 100000 MCS

Figure 5. Snapshots showing the time evolution of a single
system evolving at 400 K in the case of anisotropic diffusion
(p = 0.2) on a defects covered lattice. The developing of
ripples with a preferential orientation can be clearly seen.
Lattice parameters are L, = 300, L, = 300, and the defect
grid consists of a rectangular array of circles of diameter 10
lattice units and centers separated by 20 lattice units.

at 400 K, starting from an initial random distribution of
particles, and in the case of anisotropic diffusion (p =
0.2). At small coverages (C = 0.1), nuclei formation on
defects can be seen (Figure 6 at the top on the left), and
successive snapshots in Figure 6 at higher coverages
show nuclei growth forming a dotted structure in which
dots are wrapping the defects. Ripple formation and
ripple coalescence are shown in Figure 6 for C = 0.5 and
0.6, respectively.

Comparing experimental and simulated templates,
it is clear that the distribution of nanocavities in the ex-
perimental templates (see Figure 1) is more disordered.
Thus, it is convenient to study how our numerical re-
sults are affected by introducing disorder in the array
of defects. As is shown in Figure 7, on a template with
a randomized array of circular defects (Figure 7, left),
an initially random configuration (C = 0.5) of adatoms
evolve into a rippled structure in the case of anisotro-
pic diffusion (p = 0.2). It is evident (comparing Figures
6 and 7) that the disorder in the array of defects on the
template also promotes a certain degree of disorder in
the resulting rippled structure since resulting ripples are
not so rectilinear. However, the relevant results we can
extract from these simulations are that disorder in the
model does not inhibit ripple formation and, as we shall
show below, disorder does not change the harmonic
content present in the rippled structure.
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Figure 6. Snapshots at different coverages after an equili-
bration time of 5.10° MCS at 400 K in the case of anisotro-
pic diffusion (p = 0.2) on a lattice covered with defects.
When the coverage is increased, successive snapshots show
nucleation on defects, growth of these nuclei, ripple forma-
tion, and ripple coalescence. Lattice parameters are L, =
300, L, = 300, and the defect grid consists of a rectangular
array of circles of diameter 10 lattice units and centers sepa-
rated by 20 lattice units.

It is evident from Figures 5—7 that the geometrical
properties of ripples for intermediate coverages, such
as ripple size and orientation, are strongly dependent
on the defects array. In fact, defects act as “anchors” for
ripple formation, breaking the lattice spatial homoge-

Coverage: 0.4 Coverage: 0.4

Coverage: 0.5

Coverage: 0.6

Coverage: 0.6

Figure 8. System evolution starting from a random initial
condition (left panels) for different coverages after an equili-
bration time of 5.10° MCS at 400 K in the case of anisotro-
pic diffusion (p = 0.2) on a defect-free lattice (right panels).
Lattice parameters are L, = 300 and L, = 300.

neity and, in this way, affecting the resulting geometry
of ripples. Thus, potential wells provided by defects
have an important role as “ripples organizers”, promot-
ing ripples with an almost constant width and nearly
parallel among each other. This effect can be better ap-
preciated by considering the case in which the system
evolves in the absence of defects (i.e., particles diffusing

on a homogeneous lattice with no potential well).

.. .. :: : : : :: : : :: : :-" uﬁ In this way, Figure 8 shows the evolution of the
Se g g g P Gapgene rw onl® Semig® @ system for three different coverages, starting from
::: ‘.: : :: -': :: e 0g m a random initial condition (Figure 8, left) and after
S g0gtegenes o .\‘J‘“. 5.10° MCS of evolution at 400 K (Figure 8, right) in
teggPeceg ang the case of anisotropic diffusion (p = 0.2).

.. : : - : : : : : : s : Although the formation of ripples in the case
08 5000 80 0" shown in Figure 8 is evident, it is also clear that
®g98gea e oty such ripples have lost their typical length scale (the
: : : : : : : ": : : : ripple width) determined by the defects. In fact,
e%s 8 gpe gPens the ripples’ width is not nearly constant and their
® o908 0g 0 g oRED shapes are rather wavy. Characteristic length

Figure 7. Left: Snapshot of a lattice covered with a randomized array of circu- scales present in the rippled structures found in
lar defects re.s.emb!ing 'fhe experimental template§. Right: Structure.zs deve.lope.zd all considered cases (ordered defects, disordered
after an equilibration time of 5.10° MCS at 400 K in the case of anisotropic dif- defect d defects) dinFi 9
fusion (p = 0.2) over the lattice of defects shown on the left, starting from a ran- elects, and no detects) are com.pare n Igure
domly disposed configuration of adatoms (C = 0.5). Lattice parameters are L,  (at the bottom) by means of a discrete Fourier
= 300,L, = 300,_ and t!'le defect grid consists of a rectangt..llar array of circles of  transformation (DFT) of the corresponding aver-
diameter 10 lattice units and centers separated by 20 lattice units. The centers d ti InFi 9 (at the top) |
of the circles are displaced in a random amount from the fully symmetric aged cross sections. In rigure 7 {at the top), we also
situation. show the characteristic length scales associated
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Figure 9. Top: Discrete Fourier transform of the averaged
cross section associated with the randomized array of de-
fects shown in Figure 7. Bottom: Discrete Fourier transform
of the averaged cross sections of the rippled structures
found in the cases of ordered defects, disordered defects,
and without defects, all them under identical conditions as
those described in the corresponding Figures 6—8.

with the array of defects for comparison purposes. It is
clear from the analysis of the Figure 9 that the charac-
teristic ripple length is strongly influenced by the pres-
ence of defects.

We will now justify one of the simplifications of our
model. Mainly, that grain boundaries of the template
can introduce a diffusion barrier to the adatoms.>* For
submicrometer sized grains where this barrier is
present, roughening of the growing film takes place,
leading to mound formation at grains while the grain
boundary network remains unchanged.?? Clearly, this is
not our case since no significant roughening is ob-
served (the ripple amplitude increases only slightly),
and the ripple structure has no correlation with the
template nanocrystals (10—20 nm in size, inset in Fig-
ure 1). In fact, the ripple length is much longer than the
grain size of the template; that is, they cross over many
grains without significant change in the orientation.
Therefore, it can be concluded that the grain bound-
aries of the nanocrystalline template can be transpar-
ent for surface diffusing atoms, justifying the absence
of grain boundaries in our model. In this sense, our
model is similar to that proposed for the island growth
regime during Ag deposition on amorphous Si.>?

Finally, we will discuss the origin of the anisotropic
surface diffusion in our systems. In principle, for poly-
crystalline films formed mainly by randomly oriented
grains, the existence of Erlich—Schwoebel barriers be-
comes improbable due to the lack of well-defined
atomic steps at the surface. In this way, isotropic sur-
face diffusivity rather than anisotropic is expected.>*
However, the experimental results clearly indicate the

METHODS

Gold and copper templates were prepared by physical va-
por deposition on silane-modified nanostructured silicon mas-
ters with a surface array of short-range ordered nanodots pre-
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presence of anisotropy during deposition in the pat-
terned surfaces and the simulations also point out that
anisotropy is needed to organize the depositing mate-
rial by surface diffusion. In this sense, this is one of the
systems that exhibits this kind of behavior and whose
origin remains unexplained, such as the elongated Ag
island observed sometimes during evaporation of Ag
on amorphized silicon (see Figure 1 in ref 33) and the
growth of aligned Pt nanocrystals on Au(111) atomically
smooth terraces (S. R. Brankovic, private communica-
tion). The cause of such anisotropy in surface diffusion
is not evident and deserves a more detailed investiga-
tion. Whatever the origin for the anisotropy might be, it
is worth analyzing if the proposed diffusion anisotropy
involves a strong surface perturbation. According to the
simulation shown above, we have seen that a ratio of
probabilities p = 0.2 was enough to justify the occur-
rence of ripples. To make a qualitative argument, let us
consider diffusion coefficients in two directions, say D,
and D,. According to a simple modeling in terms of
state transition theory,3> these diffusion coefficients
could be written D, = D% &, where D? shows a weak
temperature dependence and E/* is the activation en-
ergy for the process. Thus, the ratio of diffusion coeffi-
cients can be approximated by D,/D, ~ e ' ~E/KT,
Taking D,/D, equal to 4 (p = 0.2), we find at 400 K that
E,* — E,* = 0.047 eV. This value is only a small fraction
(=1%) of the binding energy of a typical d metal (3—5
eV). In other words, the present anisotropy may be ex-
plained with a minimal perturbation in the surface.

CONCLUSIONS

Ripples are spontaneously formed during deposi-
tion of metals, semiconductors, and alloys on different
surfaces patterned with random arrays of nanocavities.
Annealing of the template at relatively low tempera-
tures also results in ripple formation. Both the experi-
mentally determined nanocavity spacing and the simu-
lated defect spacing determine the ripple wavelength
before the final stage of coarsening. Therefore, nano-
cavities are able to guide the self-organization of these
nanofeatures during their growth, creating the possibil-
ity for nanofabrication of parallel interconnections or
circuits. On the other hand, ripple formation limits the
use of nanocavities as reactors for nanocrystal growth
to a narrow range of time (mass) and temperature.
However, ripples are robust nanostructures that can
also be used as templates for the preparation of hy-
brid nanostructured surfaces with specific physical
properties.

pared by Ar™ irradiation (1.2 KeV) at normal incidence.?? Dots
are 40 nm in diameter and 6 nm in height, with a dot density
~10"" cm ™2 The complete procedure for building the templates
was described in ref 23. Briefly, the SiO, surface was chemically
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modified by immersion in octadecyltrichlorosilane (OTS)- 12. Cotta, M. A; Hamm, R. A;; Staley, T. W,; Chu, S. N. G,;
containing hexane solution for 1 h, forming a self-assembled si- Harriott, L. R,; Panish, M. B,; Temkin, H. Kinetic Surface
lane monolayer. Afterward, 200 nm thick gold or copper films Roughening in Molecular Beam Epitaxy of InP. Phys. Rev.
were deposited by thermal physical vapor deposition (PVD) on Lett. 1993, 70, 4106-4109.

the OTS-covered silicon. The deposited polycrystalline metal 13. Benson, J. D.; Almeida, L. A,; Carmody, M. W.; Edwall, D. D,;
films were mechanically detached from the OTS-covered master Markunas, J. K.; Jacobs, R. N.; Martinka, M.; Lee, U. Surface
by using Scotch tape, due to the excellent anti-adherent proper- Structure of Molecular Beam Epitaxy (211)B HgCdTe. J.
ties of the silane monolayers.2® Electron. Mater. 2007, 36, 949-957.

We have used gold templates containing a high density 14. Lee, N.-E.; Cahill, D. G,; Greene, J. E. Surface Roughening
of nanocavities to deposit (a) copper, by electrodeposition During Low-Temperature Si Epitaxial Growth on Singular
from1 X 1073 M CUSO4 . SHZO +01M H2504 at a linear po- vs Vicinal Si(001) Substrates. Phys. Rev. B 1996, 53,
tential sweep from E = 0.000 to 0.400 V (vs Cu®*/Cu) at a 7876-7879. . .
temperature of T = 298 K, (b) silver, by electrodeposition 15. Carbone, D.; Alija, A, Plantevu?, 0.; Gago, Rj; Facsko, S,
from 1 X 1073 M AgNO; + 0.5 M HCIO, at a linear potential Metzger, T. H. Early Stage of Ripple Formation 9n Ge(001)
sweep from E = 0.5 to —0.04 V (vs Ag*/Ag) at T = 298 K, and Surfaces Under Near-Normal lon Beam Sputtering.

(c) NiFeCo alloy, a soft magnetic alloy, at j = 20 mA cm ™2 16 I‘;Ianotechr‘wology 2008, 79, 035304_035.308'
from 0.06 M CoSO, - 7H,0 + 0.2 M NiSO, - 6H,0 + 0.015 M - Bracco, G; Cavanna, D. Decay of Nanoripples on Au(111)
FeSO, - 7H,0 + 0.028 M NH,Cl + 0.4 M H,B0, + 2.6 X 10°* gg‘;‘i‘fff’ggif\f’m Scattering. Phys. Rev. B 2007, 76,
M thiourea, pH 2.8 at 298 K% On the other hand., copper tem- 17. Rusponi, S.; Costz;ntini, G.; Boragno, C,; Valbusa, U. Ripple
plates were used to grow copper sulfide deposits (d) pre- Wave Vector Rotation in Anisotropic Crystal Sputtering.
pared by exposure of the copper templates to H,S. In (c), the Phys. Rev. Lett. 1998, 81, 2735-2738.
templates were modified with a self-assembled dodecane- 18. Pedemonte, L; Bracco, G, Boragno, C.; Buatier de
thiol monolayer prepared as reported in ref 32. This allows Mongeot, F.; Valbusa, U. He Diffraction Study of the Time
an easy release of the deposited film. The surface structures Decay of Ripple Structures on lon Bombarded Ag(110).
were characterized by scanning tunneling microscopy (STM) Appl. Surf. Sci. 2003, 212—213, 344-348.
operating at constant current and atomic force microscopy 19. Mishra, P.; Ghose, D. Formation of Nanoripples in Al Films
(AFM) operating in the contact mode (Nanoscope llla Digital During O, Sputtering. Phys. Rev. B 2006, 74,
Instruments, Santa Barbara, CA). 155427-155432.
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