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Abstract
Silver nanodots and nanoripples have been grown on nanocavity-patterned
polycrystalline Au templates by controlled electrodeposition. The initial step
is the growth of a first continuous Ag monolayer followed by preferential
deposition at nanocavities. The Ag-coated nanocavities act as preferred sites
for instantaneous nucleation and growth of the three-dimensional metallic
centres. By controlling the amount of deposited Ag, dots of ∼50 nm average
size and ∼4 nm average height can be grown with spatial and size
distributions dictated by the template. The dots are in a metastable state.
Further Ag deposition drives the dot surface structure to nanoripple
formation. Results show that electrodeposition on nanopatterned electrodes
can be used to prepare a high density of nanostructures with a narrow size
distribution and spatial order.

1. Introduction

The preparation of metal and semiconductor nanostructures
with defined size and spatial order on metal or semiconductor
surfaces is a key point in many fields of nanotechnology [1].
In particular, the preparation of dots and ripples in different
materials has attracted considerable attention. Ion sputtering-
induced ripple structures have been of particular interest
for the fabrication of nanoscale textured materials via self-
organization processes or as templates for the preparation of
nanowires, nanorods and nanodots [2]. Ripples have been
produced on Cu(110) [3], Si [4] and SiO2 [5] by keV ion
bombardment. Metallic ripples have been used as platforms
to build anisotropic magnetic nanostructures by deposition of
ultrathin layers of transition metals [6]. It has been reported
that if the ion beam hits the target straight on instead of at
an angle, arrays of nanodots with short-range order instead of
ripples can be formed [7].

Semiconductor quantum dots have been also produced by
molecular beam epitaxy and metal organic chemical vapour

3 Author to whom any correspondence should be addressed.

deposition on a foreign substrate following the Stranski–
Krastanov (S–K) growth mode [8]. In this case the strain
resulting from lattice mismatch between the deposited material
and the substrate is the driving force for three-dimensional
(3D) growth on the first deposited layer. Limitations of this
approach for obtaining spatial order result from the preferential
nucleation at substrate defects such as step edges. On the other
hand, crystals nucleated on terraces usually exhibit a broad size
distribution due to the progressive nucleation and growth of
crystals. Therefore, deposits that are rather heterogeneous in
shape and size are produced. In order to solve this problem
patterned substrates can be used. The patterned areas can
act as preferred sites for nucleation. In this way a controlled
arrangement of self-organized Ge islands on patterned Si(001)
substrates has been produced [9]. In other cases, the patterns
are introduced by a ‘one by one’ writing by using atomic force
microscopy (AFM) or scanning tunnelling microscopy (STM)
tips. Following this approach 20 nm quantum dots have been
prepared by local oxidation of silicon by a AFM tip, followed
by oxide removal by etching, and finally by the self-assembly
of semiconductor quantum dots by S–K growth in a molecular
beam epitaxy chamber [10].
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Metal electrodeposition is a well known technique
involving relatively low cost equipment, and it is currently
used in many technological applications [11]. Electrochemical
fabrication of large arrays of metal nanoclusters by using
a STM tip has been described [12]. However, large scale
patterning of the substrate by ‘one by one’ fabrication is
rather difficult and time consuming. Electrodeposition on
patterned templates is particularly attractive for building
metallic, oxide and semiconductor nano/microstructures [13]
because extremely small amounts of material can be deposited
in a controlled way by changing the applied potential
(or current). Besides, different crystal sizes and shapes
can be obtained by changing the kinetic control of the
electrochemical reactions [14]. Metallic deposits can be
easily transformed in oxide or sulfide-coated nanostructures by
simple electrochemical or chemical reactions. Semiconductor
nanodots on patterned metal films are important because
surface plasmons of the nanostructured surface are expected
to improve the photonic properties of the semiconductor
nanocrystals [15]. In practice, a metallic film with nanometre-
scale surface-roughness features can be used to support surface
plasmons and to provide a grating to scatter light into the far
field. Like the near-field coupling into the plasmon modes,
scattering off this grating can be much faster than radiative
emission in nanocrystals [16]. More recently, the formation
of a high density of Ag nanoparticles and a novel method
to precisely control the spacing between nanoparticles by
temperature was reported for tunable surface enhanced Raman
scattering substrates. The high-density nanoparticle thin film
was accomplished by self-assembly through the Langmuir–
Blodgett method [16].

In contrast to metal electrodeposition on well defined sub-
strates [17], our knowledge of this process on nanopatterned
electrodes (50 nm range) is rather limited. Important ques-
tions that should be addressed in relation to electrodeposition
on nanostructured electrodes are: (1) Do the template nanos-
tructures act as preferred sites for nucleation? (2) Is it possible
to induce instantaneous nucleation on the template? (3) Can
the size of the crystal be controlled in the nanoscale range of
the template pattern by the applied potential? (4) How stable
are the electrodeposited nanostructures? These questions are
important because they are related to the spatial order, size,
narrow size distribution and stability of the nanostructures.

In this work we have used electrodeposition to grow
Ag nanodots with a surface density of 1010–1011 cm−2 and
nanoripples on Au templates supported on Scotch tape. The
initial step is the growth of a first continuous Ag monolayer.
When more Ag is electrodeposited the Ag-coated nanocavities
act as preferred sites for instantaneous nucleation and growth
of the 3D metallic centres. By controlling the amount of
deposited Ag, nanodots of ∼50 nm average size and ∼4 nm
average height can be grown with a spatial distribution dictated
by the template. A simple model indicates that the dots are in a
metastable state so that further Ag deposition drives the system
to a rippled structure. Electrodeposition on nanopatterned
templates can be an attractive route to prepare a high density
of nanostructures with a narrow size distribution and spatial
ordering in a simple and inexpensive way.

2. Experimental details

2.1. Sample characterization

The surface structure of the deposited nanostructures and
templates was determined by atomic force microscopy (AFM)
using a Nanoscope IIIa (Digital Instruments, Santa Barbara,
CA) operating in the contact mode. AFM imaging was done
using Si3N4 tips.

The surface chemical composition was analysed by Auger
electron spectroscopy (AES) by using a single pass cylindrical
mirror analyser (CMA; Physical Electronics). The Auger
spectra were measured with the electron gun operated at 3 keV
and 10 mA cm−2. The Auger transition is described using the
spectroscopic notation for the energy levels involved. Typically
two to four different samples and four or five points within a
sample were investigated for each condition.

2.2. Template preparation

A silicon master with a surface array of short-range ordered
nanodots (∼40–50 nm in size, height 6 nm, dot density
∼1011 cm−2) prepared as described in [18] was used to
produce metallic templates. The complete procedure for
building the templates was described in [19]. Briefly,
the SiO2 surface was chemically modified by immersion
in octadecyltrichlorosilane (OTS)-containing hexane solution
for 1 h forming a self-assembled silane monolayer [19].
Afterwards, 200 nm thick Au films were deposited by thermal
physical vapour deposition (PVD) on the OTS-covered silicon.
The deposited polycrystalline metal films were mechanically
detached from the OTS-covered master by using Scotch tape
due to the excellent anti-adherent properties of the silane
monolayers [19]. The inner interface of the metal films (that
in contact with the OTS-covered silicon master) after the
detachment process is shown in figure 1(a).

The AFM images show an array of nanocavities that have
been moulded by the silicon master. The corresponding cross-
sections and power spectral density (PSD) show cavities of 3–
4 nm in average depth and 42 nm in average size, respectively
(figure 1(a)). The root mean square roughness (rms roughness)
measured over 1 × 1 µm2 AFM images is 1.3–1.9 nm. The
hump in the PSD (figure 1(b), grey arrow) indicates the size
of the small Au grains (15 nm in size) that form the structure
of the PVD template. The surface coverage by nanocavities is
about half of the total surface.

2.3. Nanostructure preparation

Ag electrodeposition was performed in a conventional three-
electrode electrochemical cell, using the Scotch tape supported
Au template (figure 1(a)) as the working electrode, a large
platinum sheet as the counterelectrode, and a Ag plate as
reference electrode. The electrolyte solution was aqueous
1 × 10−3 M AgNO3 + 0.5 M HClO4 at a temperature of
T = 298 K. Applied potentials to the working electrode in
the text are referred to the Ag+/Ag reversible potential in
the electrolyte solution. The electrolyte was degassed with
purified nitrogen for 2 h before the electrochemical runs. Ag
electrodeposition was performed by applying a linear potential
sweep from 0.5 V to the deposition potential Ed. Afterwards,
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Figure 1. (a) AFM image (0.75 × 0.75 µm2) of the Scotch tape
supported polycrystalline Au template used as substrate for Ag
electrodeposition. (b) Power spectral density corresponding to the
AFM image after high-pass filtering. The black arrow indicates the
average size of the cavities (42 nm) while the grey arrow indicates
the size of small grains (15 nm) that form the Au deposit.

the Ag-covered Au template was removed from the solution,
rinsed with MilliQ water and dried under nitrogen before the
AFM and AES characterization.

3. Results and discussion

3.1. Experimental results

The typical current density ( j )/potential (E ) profile for Ag
electrodeposition on the Au template in the underpotential
deposition (upd) range (figure 2(a)) exhibits two broad peaks
CI and CII at 0.4 and 0.22 V, respectively, corresponding to the
electrodeposition of a first Ag monolayer on Au [20]. A more
defined peak (CIII) is observed also at 0.0 V corresponding to
a second Ag monolayer.

On the other hand, peaks AIII, AII and AI are related
to the stripping of the electrodeposited Ag at peaks CIII, CII
and CI, respectively. At E < 0 the overpotential deposition
(opd) of bulk Ag takes place at current peak CIV, whereas the
bulk Ag deposit is stripped from the Au template at peak AIV
(figure 2(b)) [21].

The Ag upd and opd voltammograms for the nanopat-
terned Au substrate (figure 1(a)) closely resemble those ob-
served for polycrystalline Au substrates [21]. The shape of
the cathodic peak CIV and the limiting current observed at
more negative potential values indicate that Ag bulk electrode-
position is under diffusion control of Ag+ from the solution
side [21].

We have prepared different samples by applying a
potential sweep to the Au template from 0.5 V to Ed values
slightly more negative than the reversible potential (Er) for
bulk Ag electrodeposition. Afterwards the samples were
removed from the cell, carefully rinsed with nitrogen-saturated
MilliQ water, dried under nitrogen, and finally placed in a high
vacuum chamber for AES analysis.

E / V

0.0 0.1 0.2 0.3 0.4 0.5

j /
 m

A
 c

m
-2

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

CII
CI

CIII

AI

AIII

AII

E / V

-0.4 -0.2 0.0 0.2 0.4 0.6
j /

 m
A

 c
m

-2
-2

0

2

4

6

8

10

(a)

(b)
AIV

CIV

Figure 2. Typical j versus E profiles recorded at 0.01 V s−1 for a
Scotch tape supported Au template in AgNO3 1 × 10−3 M + HClO4

0.5 M covering (a) the Ag upd range and (b) the Ag opd region.
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Figure 3. AES spectra of Au electrodes after Ag electrodeposition at
different Ed values: (a) plain Au electrode Ed = −0.01 V, (b) Scotch
tape supported Au template, Ed = −0.01 V, (c) Scotch tape
supported Au template, Ed = −0.04 V.

The AES spectra corresponding to a plain Au electrode
and a Scotch tape supported Au template both polarized at
Ed = −0.01 V are shown in figures 3(a) and (b), respectively.
In both cases the Ag and Au signals are clearly visible. From
the Ag/Au signal ratio we concluded that ∼2 Ag monolayers
(ML) have been deposited [22]. Integration of the current
density from 0.5 to −0.01 V leads to a charge density Q ∼
0.4 mC cm−2 (a figure equivalent to 2 ML for a polycrystalline
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Figure 4. (a) AFM image (0.75 × 0.75 µm2) of 2 ML Ag-covered
gold template after polarization up to Ed = −0.01 V in the working
solution. (b) Power spectral density corresponding to the AFM image
after high-pass filtering. The arrow indicates the average size of the
Ag-coated cavities (43 nm).

Au electrode) in good agreement with the AES data. As Ed is
shifted in the negative direction (Ed = −0.04 V) the amount
of Ag increases (figure 3(c)), as concluded from the increase in
the Ag/Au intensity ratio.

The C signal, also visible in the template sample,
originates from the Scotch tape due to the presence of some
pinholes in the 200 nm thick PVD Au film. The small oxygen
signal indicates that the electrodeposited nanostructures remain
mainly as metallic Ag.

AFM images after deposition of 1 ML (Ed = 0.0 V)
show no differences from those obtained for the uncovered
Au template (figure 1(a)). Cavity size, cavity depth and
rms roughness (a measure of the surface amplitude) remain
unchanged, indicating that the first ML forms a continuous
layer on the patterned substrate. When 2 ML (Ed =
−0.01 V) are deposited, the cavity size also remains unchanged
(figure 4(a)) with respect to the uncovered Au template.
However, we noticed that the cavity depth and the rms
roughness are reduced to ∼2 nm and 0.7–0.6 nm, respectively.

This means that the second silver monolayer has been
preferentially deposited at the nanocavities. This fact seems to
be mediated by the template because it is well known that two
epitaxial Ag layers are deposited at Ed values close to Er on
smooth Au surfaces [20]. Note that this conclusion is based on
the decrease in the cavity depth and rms roughness values with
respect to the uncovered substrate. Note also that taking into
account the effective attenuation length of the Au NVV and Ag
MNN electrons, the AES spectrum of this deposit (figure 3(b))
can be explained either by a continuous two monolayer film
or by patches of Ag with a height of 3 ML over a continuous
monolayer of silver on gold.

When the deposited charge density is increased to Q ∼
0.5–0.6 mC cm−2, (Ed = −0.02 V, 2.5–3 ML) the AFM
images show in some regions nanometre-sized Ag dots

Figure 5. ((a), (b)) 3D AFM images (1 × 1 µm2, pitch: 53◦) of
Ag-covered gold after polarization up to Ed = −0.01 V in the
working solution. Regions with the predominance of dots (a) and
cavities (b) are observed. (c) Left: 0.65 × 0.65 µm2 AFM image.
The arrow indicates the direction used for the cross-section analysis
shown at the right. Cavities (left arrow) and nanodots (right arrow)
are indicated. (d) Power spectral density corresponding to a typical
0.75 × 0.75 µm2 AFM image of dots after high-pass filtering. The
arrow indicates the average dot size (43 nm).

nucleated at the nanocavities of the Au template (figure 5(a)).
This is clearly seen in figure 5(a), where dots and some unfilled
nanocavities coexist. However, many electrode regions show
only some dots and a net predominance of cavities that are
not completely filled as shown in figure 5(b). The uncovered
cavities are 2 nm in depth (figure 5(c), cross-section) like those
formed for 2 ML (figure 4). The cross-section analysis also
shows that the dots emerge from the cavity edges. As the
nanocavities are 3–4 nm in depth the total dot height is 4–
5 nm. In this case the rms roughness increases to 1 nm,
approaching the value observed for the Au template. The
average size of the dots estimated from the PSD analysis is
∼50 nm (figure 5(d)). The narrow size distribution indicates
that instantaneous nucleation of Ag nanodots takes place on
some regions of the patterned Au template. Note that there are
also extended areas where no significant dot nucleation takes
place (figure 5(b)).

The fact that 2 ML of the ∼3 ML (the first layer is
continuous) are concentrated in the cavities and the coexistence
of large areas where dots are absent explains why dots emerge
from the cavity edges. In fact, considering that the amount
of Ag corresponding to the second and third monolayers is
concentrated in cavities and that the surface coverage by the
cavities is half of the total area we have at these sites the first
ML plus 4 ML. However, if one considers that only a third
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Figure 6. 1.25 × 1.25 µm2 AFM image after stripping the Ag dots
shown in figures 5(a) and (b) in 0.5 M HClO4 by a linear potential
sweep up to 1.2 V. The arrows indicate regions where the
nanocavities are recovered.

to a quarter of the total cavities have nucleated dots we have
at the cavities the first layer plus 12–16 ML, i.e. 3.3–4.25 nm
in height. This estimation explains why the dots can emerge
from cavities 3–4 nm in depth. Note that this explanation
requires that the second ML was preferentially deposited in
cavities, a fact supported by the decrease in the rms roughness
values of the electrodes measured from the AFM images.
This fact contrasts with previous ‘in situ’ STM data for Ag
electrodeposition on smooth Au(111) [23] that have shown that
3D growth only initiates after completion of a uniform second
adlayer. A discussion on the influence of the nanopatterned
substrate to induce cavity filling is presented at the end of the
paper.

Most of the Ag dots can be eliminated from the template
by a linear potential scan from Ed to 1.2 V in a 0.5 M HClO4

solution (figure 6). In these regions the Au template structure is
recovered with rms roughness ∼1.3 and depth cavity ∼3–4 nm.

When electrodeposition is made up to Ed = −0.04 V
(Q ∼ 1 mC cm−2) the AFM images (figure 7) show that
dots tend to grow following preferred directions leading to a
rippled structure. We have imaged two different structures
with wavelengths of 82 nm (figures 7(a) and (b)) and 62 nm
(figures 7(d) and (e)) defined across the ripples. The former
corresponds to an open structure formed by alternating rows
of dots and cavities. The dots have an average size of 50 nm.
The second rippled structure corresponds to a more compact
array of dots of average size 60 nm that is formed by the lateral
growth of the smaller dots.

It should be noted that we failed to observe dots and
ripples when similar amounts of Ag were deposited on smooth
Au substrates. In this case isolated flat Ag islands nucleated at
step edges are present on the terraces (figure 8).

On the other hand, the cross-section analysis of the rippled
structure shown in figures 7(d) and (e) indicates that the
height difference along the ripples is only ∼1 nm while this
difference between adjacent ripples is ∼4 nm (figure 7(f)).
This means that the 3D growth takes place mainly in the ripple
direction, and no significant deposition occurs between them.
Accordingly, the rms roughness measured over 1×1 µm2 AFM
images increases to 3 nm.

When the potential sweep reaches Ed = −0.06 V the
Au template is completely covered by small elongated crystals

Figure 7. AFM images of rippled structures grown on the Au
template after polarization up to Ed = −0.04 V in the working
solution. (a) 3D AFM image (3 × 3 µm2, pitch: 63◦) showing Ag
ripples with 82 nm wavelength. Inset: fast Fourier transformation
(FFT) of 2D image corresponding to (b). (b) AFM image
(0.31 × 0.31 µm2) showing a detail of the rippled structure shown in
(a). Note the alternating rows of cavities and dots. (c) Cross-section
analysis of (b). (d) 3D AFM image (3 × 3 µm2, pitch: 63◦) showing
Ag ripples with a wavelength of 62 nm. Inset: FFT of 2D image
corresponding to (e). (e) AFM image (0.75 × 0.75 µm2) showing a
detail of the Ag nanodots forming the rippled structure shown in (d).
(f) Cross-section analysis of (e).

Figure 8. AFM (100 × 100 nm2) image showing flat islands after
∼1 mC cm−2 of electrodeposited Ag on smooth Au.

(60 nm long, 30 nm wide), although a few large crystals (200–
500 nm in size) can also be observed (figure 9). No clear
evidence of the template was found under this experimental
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Figure 9. AFM image (0.75 × 0.75 µm2) of Ag crystals grown on
the Au template after polarization up to Ed = −0.06 V in the
working solution.

condition. This means that when the overpotential is large the
nucleation rate increases and a large number of smaller crystals
are formed at random on the whole surface of the template.
However, as the growth process is under diffusion control of
Ag+ from the solution side some instabilities are triggered
leading to the formation of large irregular crystals [21].

Our results are summarized in figure 10(a). We have
used the rms roughness as a statistical parameter to follow the
morphological changes in the system, and Q as a measure
of the amount of deposited material. The rms roughness
versus Q plot shows, initially, a minimum reflecting the cavity
filling, and then a marked increase related to the growth of
Ag dots outside the cavities forming ripples. This process is
schematically shown in figure 10(b).

It should also be noted that the existence of uniaxial
elements that perturb the quasihexagonal arrangement of the
template will also contribute to dot coalescence in one direction
and then to ripple formation. These elements are present in
the Si master prepared by ion bombardment as the balance
of dot/ripples in those samples strongly depends on the
incident angle [7]. These elements are transferred to the
Au template during the moulding procedure explaining the
preferred coalescence in one direction.

3.2. Modelling nanostructure stability

A first discussion concerns the early filling of the cavities with
respect to the rest of the surface. This is expected on the basis
of the chemical bond. The cavities offer sites with a higher
coordination, where adatoms may interact more strongly
with the surface. This has been confirmed by computer
simulations for Cu deposition in Au nanocavities [24] and
has been predicted recently for Ag deposition in Au(111)
nanocavities [25]. The later simulations predict, in fact,
decoration of the bottom of a Au nanocavity by two Ag
monolayers previous to its filling. An analysis performed in
terms of a continuum model also yields the same qualitative
prediction. The chemical potential µ of the adatoms can be
written in terms of the geometrical properties of the surface
as [26]:

µ = µ0 − σ̃

�
∂2z

∂x2
+ ∂2z

∂y2

�
(1)

where µ0 is the chemical potential of the adatoms on a flat
surface, σ̃ is the surface stiffness, and the coordinates (x, y, z)
denote a point on the surface, with the z coordinate measured

Figure 10. (a) Rms roughness versus Q plot. (b) Scheme showing
different stages of Ag templated electrodeposition: (I) Au template,
(II) deposition of a continuous ML of Ag, (III) preferential Ag
deposition at cavities, (IV) dot formation at nanocavities,
(V) preferential growth in some direction leading to ripples.

perpendicular to it. From this equation, it is clear that a concave
surface will lower the chemical potential of the adatoms with
respect to those on a flat surface, promoting its filling to
minimize the free energy of the system. On the other hand,
convex surfaces will be harder to fill than flat ones, resulting
in a concomitant overpotential. Thus, the previous argument
allows us to understand the processes depicted in the sequences
(I)–(III) of figure 10(b).

To analyse the transition from the dots to the ripple
regime, we ignore curvature effects in the following simplified
discussion and consider the relative stability of dots and
ripples, excluding a priori other possible structures. A more
complete study will be undertaken by means of computer
simulations.

For the sake of simplicity we shall assume in all the
following discussion that all the atoms located at the border
of a given structure have a unique energy. Thus, assuming that
the atoms at the border have a higher energy than those within
the structure, the most stable figure should be that exhibiting
the lowest perimeter for a given surface, that is, a circle. While
this is true for an isolated structure, this statement is no longer
valid when periodic boundary conditions are applied.

We illustrate both situations in figure 11. While
figure 11(a) shows a circle inscribed in a square of side d,
figure 10(b) shows a stripe crossing the system.

In the case of the circle, the area S and the perimeter lcir of
the circle of radius r are given by:

S = πr 2 (2)

lcir = 2πr (3)

and the surface to perimeter ratio is S
lcir

= r
2 = S1/2

2π 1/2 , where the
last equality was written in terms of the area.

Let us now consider a stripe of the same area as the circle.
In this case the area and the perimeter are given by:

S = d h (4)

lstr = 2d (5)

where h is the width of the stripe, as illustrated above in
figure 10(b), and we have assumed that the stripes cross all
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Figure 11. (a) Circular cluster in a square. Its periodical repetition is
shown on the right. (b) Rectangular segment in a square. Its
periodical repetition leads to stripes.

over the infinite system. In the case of the stripe, the area to
perimeter ratio is given by:

S

lstr
= h

2
= S

2d
. (6)

If we consider the area to perimeter ratio (for the same area
S) as a criterion for stability, in the same way, we can consider
the ratio γ of the corresponding quantities for the circle and the
stripe:

γ =
S

lcir

S
lstr

=
S1/2

2π 1/2

S
2d

= d

π1/2 S1/2
. (7)

If γ > 1, the circle will be more stable than the stripe, and the
reverse will be true for γ < 1. In other words, a transition will
be expected for γ = 1.

It is convenient to define a degree of coverage, according
to the relation of the area covered by the circle (or the stripes)
to the area of the square surface in which it is inscribed:

θ = S

d2
. (8)

The transition at γ = 1, implies from equation (7) that
d = π1/2 S1/2

crit and the critical coverage becomes:

θcrit = Scrit

d2
crit

= 1

π
. (9)

In other words, for θ < 1
π

≈ 0.32 the circular phase is
more stable, while for θ > 1

π
≈ 0.32 the striped phase is more

stable.
In the present nanocavity problem, the positive curvature

inside the nanostructure makes the initial growth take an
approximately circular shape inside it, with a more or less
ordered pattern on the surface. As the degree of coverage
increases, circular growth proceeds until a point where stripes
growing across the system are more stable, and growth
proceeds this way. It would be interesting to see if the transition
from circular growth to stripes takes places at a coverage close

to that predicted by the present simplified model. In our case,
for a nanodot 40 nm in size the d value will be larger than
60 nm to have θ < 1

π
≈ 0.32. As the typical nanocavity–

nanocavity distance is slightly smaller (50 nm) the transition
to ripples takes place as soon the dots reach the nanocavity
dimension.

The present model could also be formulated taking into
account the 3D structure of the deposits. For example,
if instead of a ‘circle–band’ transition, a ‘hemisphere–half
cylinder’ transition is considered, the energy criterion will be
the interfacial tension. In this case, it is useful to redefine the
γ factor from above according to:

γ = V/(2π R2)

V/(πrl)
(10)

where V/(2π R2) is now the volume to area ratio of a
hemisphere of radius R, and V/(πrl) is the volume to area
ratio of a half cylinder of length l and radius r . Thus, the
transition is expected to take place when rl/2R2 = 1. To get
a relationship between r and R we assume mass conservation,
so that we can equate the volume of the hemisphere Vhs and the
volume of the half cylinder Vhc according to:

Vhs = 2

3
π R3 = Vhc = πr 2l

2
. (11)

From the latter equation we obtain r = ( 4R3

3l )1/2 so the
transition is expected to take place when R = l/3. As
before, we can define a degree of coverage for the hemispheres,
according to the equation:

θhs = π R2

l2
(12)

so that the critical coverage for the hemispheres is expected to
be θhs,crit = π

3 ≈ 0.35, very close to the value we obtained
above for the 2D model.

Finally, a comment should be made about the preferential
deposition at the nanocavities. The argument concerning
preferential deposition in concavities (equation (1)) is a
thermodynamic one and also has a chemical basis: sites with
a higher coordination should provide more stable adsorption
sites. Thus, on energetic grounds metal deposition should be
preferred there, giving place to a nucleation process. Once
planarity is reached, the atoms of the growing phase may: (a)
deposit on the growing phase, forcing convexity, (b) deposit on
and adjacent to the growing phase, further covering the surface
in a planar fashion. If charge transfer is faster on the growing
phase than on the upd adlayer, Ag atoms will deposit on the
cavities. The high activation energy involved with the motion
of Ag adatoms over a descending step may be responsible for
the forced convexity observed. This explanation is similar
to that proposed in [23] to explain the wetting–nonwetting
transition. In short, steps (I)–(III) in figure 10 appear to be
determined by the thermodynamics of the system and step (IV)
by the kinetics.

Note that our model is based only on geometric
considerations and the chemistry does not play any role in the
dot to ripple transition. We have observed the dot to ripple
transition for Cu nanodots grown on patterned Au and also for
copper sulfide nanodots formed on patterned Cu. However,
further experimental work is necessary to confirm the validity
of the proposed model.
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4. Conclusions and outlooks

Silver nanodots and nanoripples can be grown on nanocavity-
patterned Au templates by tuning the electrodeposition
potential and charge density. For potential values close to the
reversible potential for Ag electrodeposition Ag monolayers
can be preferentially deposited at nanocavities. The Ag-coated
nanocavities act as preferred sites for instantaneous nucleation
and growth of the 3D metallic dots ∼40 nm in lateral size and
∼4 nm in average height with a spatial distribution dictated
by the template. A simple model based on minimization of
surface free energy indicates that dots are in a metastable state
so that further Ag deposition drives the system to nanostripe
formation. The cavity–cavity distance and the dot size along
the deposition process should be crucial to determine the final
structure of the system. In our next paper we will use the
Ag-coated cavities to prepare a high density of silver sulfide
and silver oxide nanostructures on polymer-supported metal
templates.
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